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Summary 
Interest in research on self-assemblies in solutions is increasing day-by-
day. This is not only because of their wide variety of applications in industries, 
but also due to the development of new and more powerful experimental and 
theoretical tools for probing the microscopic behavior of these systems. 
A surface active agent, i.e., surfactant, is a substance that, when present 
at low concentration in a system, has the property of adsorbing onto the surface 
or interface of the system and altering to a marked degree the surface or 
interfacial free energies. 
Many types of substances act as surfactants, but all share the property of 
amphipathy; the molecule is composed of nonpolar hydrophobic portion and 
apolor hydrophilic portion. The polar part of the molecule is called hydrophilic 
group and the nonpolar part hydrophobic group. 
Classifying the surfactants on the basis of hydrophilic group, one 
differentiates anionic, cationic, nonionic, and zwitterionic surfactants. 
It is well known that the surfactant molecules form self-organized 
aggregates known as micelles above a certain concentration, which is known as 
the critical micelle concentration, cmc. The cmc depends upon the nature of 
polar group, the surfactant counterion, the length and the structure of the 
hydrophobic chain, solvent polarity and type, temperature, pressure, pH, etc. 
McBain' and Hartley^ from their preliminary research work had 
concluded that the micelles are spherical or roughly spherical in their shape. 
Upon increasing the concentration of surfactant, spherical micelles become 
cylindrical and subsequently the cylindrical structures become hexagonally 
packed. If concentration is further increased, the lamellar structures are formed. 
Further increase in concentration results in a hexagonal packing of water, 
cylinder. It is possible to induce transition from one structure to another by 
changing the physicochemical conditions such a temperature and addition of 
salts, etc. 
Simple geometric arguments are effectives for predicting the micellar 
structure. The so-called packing factor Rp (^Vf/aJc) allow the prediction of the 
micellar structure with three adjustable parameters, the optimum head group 
area (ag), volume of surfactant monomer (v/,), and the length of the surfactant 
molecule (Ic). When Rp is less 1/3, spherical micelles are favored and when 
l/3< Rp <l/2 infinite rodlike micelles are preferred .^ The packing factor 
indicates that the formation of elongated micelles is promoted by lowering the 
head group area (ao) or by increasing the volume of hydrocarbon chain (v )^. 
Addition of electrolyte or cosurfactant results in elongated micelle 
formation by reduction in Oo because of screening effect. Addition of certain 
organic compounds also promotes the sphere-to-rod transition and the 
continued growth of the rods to an extent at which point some of the rods 
apparently revert back to spheres or convert to disks. 
Cloud Point 
Upon heating, aqueous solutions of many nonionic surfactant become 
turbid at a temperature known as the cloud point (CP), above which there is a 
separation of the solution into two phases'*. Phase separartion results from the 
competition between entropy, which favors miscibility of micelles in water. 
and enthalpy, which favors separation of micelles from water^ '^ . Depending on 
the variation of these two contributions with temperature, either a lower or an 
upper consolute point can result^ '*. 
The temperature at which the CP phenomena occurs depends on the 
structure of surfactants. 
Clouding phenomenon can be exploited in separation science for the 
development of extraction, purification and preconcentration schemes for 
desired analytes. Since the addition of just a small amount of an appropriate 
surfactant to the aqueous sample solution is required, this approach is 
convenient and fairly benign, eliminating the need for the use of organic 
solvents as in concentional liquid-liquid or solid-liquid extraction. 
HydrotroDV 
Over 90 years ago, the phenomenon of 'hydrotropy' was discovered by 
neuberg^. The class of compounds that normally increase the aqueous solubility 
of sparingly-soluble solutes are called hydrotropes. Besides solubilization, 
hydrotropes have uses in vesicle preparation and selective separation, as 
stabilizer of o/w microemulsion, viscosity modifiers and as clearing agents in 
cloudy detergent formulation^''°. The classification of hydrotropes on the basis 
of molecular structure is difficult, as examples include diverse type of 
compounds, like aromatic alcohols, alkaloids, ionic surfactants, etc. 
The concentration above which hydrotropic action is observed may be 
referred to operationally as the minimal hydrotropic concentration (MHQ. 
Hydrotropes exhibit noticeable similarities and differences in properties 
with surfactants. The hydrotropes are amphiphilic in character, have short 
hydrophobic regions and thus differ fi-om classical surfactants. 
The work described in the thesis deals with studies on surfactant 
systems in presence of various additives. 
In the General introduction {Chapter I) a detailed account of the 
behavior of surfactants and the various phenomena exhibited by them, for 
example, micellization. causes of micellization, factors affecting cmc and 
micellar size, the effect of additives, etc. are described. The phenomena of 
clouding occurring in surfactant solutions and hydrotropy are also presented. 
An up-to-date hterature survey related to the work embodied in subsequent 
chapters is also included. 
Chapter II deals with the experimental details which have been 
followed in study. Materials used, their purities, make, etc., are given in tabular 
form. 
Studies on the effect of addition of urea and other family members on 
micellization and related phenomenon like sphere-to-rod transition in a typical 
ionic micellar system and its possible implications in protein folding are 
described in Chapter III. Evidence has been collected on the basis of critical 
micelle concentration (cmc, obtained from conductometry), [«-pentanol] 
needed for s-*r transition (obtained from viscometry), aggregation number 
(obtained from, sm.a!!- angle neutron scattering) and cloud point measurements. 
All of these effects are attributed to urea-assisted aggregation up to certain 
concentration, which depends upon the nature and presence of number of 
methylene groups in a particular urea. The results are explained on the basis of 
influence of the additive on solvent water, adsorption on head group and 
hydrocarbon tail and size of the additive. 
It was seen that cmc's of SDS and CTAB decrease up to certain 
concentration of the additive and then an increase was observed on continued 
additions. For each urea analogue there exists a minimum in the cmc value, 
which is dependent on nature and number of methyl groups in the additive. 
It is well known that repulsive forces between similar charges vary 
inversely with the dielectric constant of the medium. Therefore, the decreased 
electrostatic repulsion between head groups of the micelle on urea addition 
contribute to the predominance of the hydrophobic interactions and to the 
decrease in the cmc at low concentrations of different ureas. At moderately 
higher concentration of ureas, the additive molecule gets adsorbed onto 
charged surfactant monomer ions and lead to repulsion between them. Also, the 
arrest of surfactant monomer ions among urea (or similar molecules) would 
decrease the hydrophobic interactions. The increase in cmc of SDS or CTAB at 
higher [urea] may be a resultant of the above two effects. 
In order to have more evidences regarding the above urea effects in low 
concentration range, we carried out SANS measurements on 0.3 M SDS + 0.2 
M Bu4NBr system. Aggregation number (n )^ increased with the addition of 
both urea and thiourea, but the n^ increase was more with the later which 
indicates that thiourea is more effective in increasing the aggregation 
tendencies as was observed from the cmc data. 
The above interpretation for the low concentration region of ureas found 
further support by viscometry and cloud point measurements, (i) Viscometry 
was performed on 3.5% SDS (w/v) + 0.28 M NaCl + «-pentanol system to find 
[«-pentanol] needed to bring s—^r transition. The concentration of w-pentanol, 
obtained for each [urea], was found to first decrease and then increase with the 
continuous addition of each member of urea family. Thus, s—»r transition is 
prepond initially with lower concentration regime of different urea family 
members supporting the cmc and SANS data, (ii) The CP results of TX-lOO 
solutions with added urea also showed first a decrease, followed by an increase 
with progressive urea addition. The initial CP decrease indicates that the 
dehydration of the TX-lOO micelle has taken place by the addition of urea (in a 
low-concentration regime). The decrease in the CP is not remarkable but 
enough to that urea does influence the amphiphile properties, which, in turn, 
depend on the [urea] itself 
Chapter IV is concerned with the effect of different polar nonaqueous 
solvents (acetonitrile, AN; dimethylsulfoxide DMSO; methylcellosolve, MC; 
and ethylene glycol. EG) on the clouding behavior of SDS + quaternary 
bromide (Bu4NBr/Bu4PBr) systems. The CP was found to decrease with initial 
increase in the volume percent of the above solvents in mixtures (with water). 
After a minimum in CP vs. volume percent plots, further increase in volum.e 
percent caused increase in CP, followed by near constancy region. The data 
have been discussed on the basis of the effect of above solvents on the two 
types of water present in the system: hydrated water and bulk water. The 
limited cmc data also run parallel to CP results. This seems a very important 
result which hints towards a modification of hydrophobic interactions at such a 
low volume percent. 
We can say that the clouding in ionic surfactant solutions can be 
facilitated to certain volume percents of polar nonaqueous solvents (mixed with 
water) which are reported to postpone micellization. 
Chapter V describes that association tendency of hydrotropes can be improved 
by the addition of salts, /7-alkanols, and ureas. Urea decreases or increases the 
MHC depending on whether the urea content is lower or higher (e.g., the 
increased solubility of sparingly soluble riboflavin corroborates the increase in 
the hydrotropic properties of the system). In the present work, the association 
tendencies of sodium salicylate (a well known hydrotrope), sodium dodecyl 
sulfate, and sodium bromide were compared. Conductivity measurements have 
been used to study the aggregations phenomena. The data suggest that the 
behavior of NaSal reflects neither a normal uni-univalent electrolyte (like 
NaBr) nor a classical micellar system (like SDS). The increased association of 
NaSal in the presence of salts may thus be due to the screening action of salts, 
which lower the repulsive force between the polar head groups. The association 
tendency is increased by the presence of «-alkanols. The results heve been 
explained on the basis of increased hydrophobic interactions owing to the 
presence of alkyl moieties in the additive molecules. Our conductance results at 
low urea and thiourea concentrations show that urea has a tendency to improve 
NaSal association up to a certain concentration, after which it shows regular 
destabilization of the hydrotrope. This is explained by the fact that urea and 
thiourea are known to enhance the hydrophobic interactions initially, followed 
by preferential adsorption on hydrophilic surface which causes repulsion 
between the molecules and leads to rise in MHC. 
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General Introduction 
Understanding the physicochemical properties of self-assembling 
systems of amphiphilic molecules in aqueous solution is relevant for many 
fields of pure and applied science.' 
A surfactant (an abbreviation for surface active agent) is a surface active 
amphiphile that aggregates (self-assembles) in water or other solvent to form 
various microstructures. They are able to modify the interfacial properties of 
the liquid (nonaqueous or aqueous) in which they are present. 
Surfactants are ubiquitous materials, which exhibit a fascinating range of 
applications in chemical processes, industries, in the formulation of 
pharmaceuticals, in mineral processing technologies, and in food processing 
industries.^ "^ 
Surfactants and their Classification 
A surfactant molecule consists of at least two parts, one which is soluble 
in a specific fluid (the lyophilic part) and one which is insoluble (the lyophobic 
part). When the fluid is water these parts are known as the hydrophilic and 
hydrophobic, respectively. The hydrophilic part is referred to as the head group 
and the hydrophobic part as the tail (Fig. 1.1). Most of the surfactants have a 
long hydrocarbon tail that can be linear or branched and interacts only very 
weakly with the water molecules in an aqueous environment. The hydrophilic 
Hydrophilic ,. , 
head group Hydrophobic toil 
Fig.l.l- Schematic illustration of a surfactant monomer. 
head is a relatively small ionic or polar group that interacts strongly with water 
via dipole-dipole or ion-dipole interactions. Hence, a surfactant can be said to 
have a split personality, as it is composed of two parts with entirely different 
tendencies. Because of this unusual amphipathy property, surfactants are very 
versatile substances. 
The classification of surfactants is made on the basis of the charge of the 
polar head group. The surfactant may be classed as ionic, zwitterionic, and 
nonionic. 
1. Ionic surfactants : Surfactants belonging to this class contain either an 
anionic or a cationic charge under normal conditions. 
(a) Anionic - The surface-active portion of the molecule bears a negative 
charge. Anionic surfactants are the most widely used class of surfactants in 
industrial applications. '^* Due to their low cost of manufacture, they are used in 
practically every type of detergent. 
(b) Cationic - The surface-active portion of the molecule bears a positive 
charge. The prime use of cationic surfactants is their tendency to adsorb on 
negatively charged surfaces, e.g., anticorrosive agents for steel, flotation 
collectors for mineral ores, dispersants for inorganic pigments, antistatic 
agents, fabric softeners, hair conditioners, anticaking agent, for fertilizers, and 
as bactericides. 
2. Zwitterionic surfactants : Zwitterionic (amphoteric)^ surfactants comprise a 
long hydrocarbon chain attached to a hydrophilic polar head containing both 
positive and negative charges, which give it the properties of zwitterions and 
thus lead to head group hydrophilicity an intermediate between that of ionic 
and nonionic surfactants'°. Zwitterionic surfactants have excellent 
dermatological properties as they are less irritating to skin than many ionic 
surfactants" and have thus useful applications when combined with ionic and 
nonionic surfactants in cosmetics and pharmaceutical industries. 
3. Nonionic surfactants : The surface-active portion of the molecule bears no 
apparent ionic charge. Nonionic surfactants are second to anionics in cleaning 
applications. An important group of nonionic surfactants includes those where 
the hydrophilic portion comprises a chain of ethoxy group and is known as 
ethoxylates.'^-'^ 
Examples of different types of surfactants are given in Table 1.1. 
Micellization andMicellar Parameters 
The parameter of greatest fundamental value is the critical micelle 
concentration (cmc). When surfactants are dissolved in water at low 
concentrations, physical properties of solutions, such as surface tension, 
conductance, vapor pressure, and turbidity indicate that little or no aggregation 
of surfactant occurs. However, as the concentration is increased the behavior of 
such properties, and that of many others, changes dramatically over a relatively 
narrow range of concentrations. Such changes are attributed to the sudden onset 
of molecular aggregation {micellization) and such aggregates are termed as 
micelles. The range of concentrations within which this occurs may be termed 
as critical micellar region'''. It is common practice to choose a concentration in 
this region and call it the critical micelle concentration (cmc). Several 
experimental methods have been used to determine the cmc. Some other 
techniques frequently used to identify the cmc are interference refractometry , 
solubilization'^ flourimetry'\ light scattering'^ 'H N M R ' ^ etc. 
The various factors that determine the concentrations at which micelles 
form are listed below. 
Hyorophobic sroup : The cmc decreases strongly with increasing alkyl chain 
length of the surfactant. While modification to the hydrocarbon chain (such as 
introducing branching, or double bonds, or polar functional groups along the 
chain) usually leads to increase in cmc, a dramatic lowering of the cmc (one or 
two orders of magnitude) results from fluorination of the alkyl chain. 
Hydrophilic group : Cationics typically have slightly higher cmc's than 
anionics. The cmc's of nonionics are much lower than for ionics. For some 
nonionics, there is a moderate increase of the cmc as the polar head becomes 
larger. 
Table 1.1 - Examples of typical surfactants. 
Type Structural Formula Abbreviation 
1. Ionic 
a. Anionic 
Sodium dodecyl sulfate 
Sodium dodecylbenzene sulfonate 
b. Cationic 
CH3(CH2),,OS03'Na^ 
CH3(CH2),,C6H4S03'Na'' 
Cetyltrimethylammonium bromide CH3(CH2)i5(CH3)3 N^Br" 
Dodecylpyridinium chloride CH3(CH2)nC6H4N^Cr 
2. Zwitterionic 
N-Dodecyl-N,N-dimethylglycine 
3-(Dimethyldodecylammonio)-
propane-1 -sulfonate 
CH3(CH2), ,N^(CH3)2CH2COO' 
CHJCCHZ), ,N^(CH3)2CH2CH2-
CH2SO3" 
SDS 
SDBS 
CTAB 
DPC 
3. Nonionic 
Poly(ethylene glycol)-/-
octylphenylether 
Polyoxyethylene(6) dodecanol 
/-C8H,7-C6H4-(OCH2CH2)nOH TX-lOO 
CH3(CH2)n(CH2CH20)60H 
Counterions in ionic surfactants : Monovalent inorganic counterions give 
roughly the same cmc but, increasing the valency to 2, gives a reduction of the 
cmc by roughly a factor of 4. Organic counterions reduce the cmc compared to 
inorganic ones, the more so the larger the nonpolar part. Increased binding of 
counterion, in aqueous system, causes a decrease in the cmc of the surfactant. 
Temperature : Numerous changes in cmc with temperature are known which 
paint a complex picture. Very few of these take place above 100 °C, however, 
and studies of the effects of temperature on micellization have mostly been 
limited to lower temperatures. The cmc of surfactants generally passes through 
a minimum with increasing temperature. The apparent entropy change of 
micellization (which is based only on a cmc change with temperature) 
decreases from a positive value to a negative one (at the temperature of 
minimum cmc) with increasing temperature. 
Pressure : Many reports have appeared on the effect of pressure on micelle 
formation for ionic and nonionic surfactants^"'^ '. The cmc of ionic surfactants 
increases upto lOOMPa followed by a decrease above this pressure due to an 
increase in the dielectric constant of water, solidification of the micellar 
mterior , making less electrical work necessary to bring a monomer into a 
micelle. 
Just as in the case of temperature, data for the variation of cmc for 
surfactants with pressure also fall on a reduced curve, which passes through a 
maximum cmc* at pressure p*^ .^ Since the volume change on micelle formation 
can be written as 
^v:=RT ' dm cmc ^ (1.1) 
Jr dp 
Then p* is the pressure at which ^V° becomes zero. 
For nonionic surfactants, the cmc values increase monotonously and 
then level off with increasing pressure. 
Electrolyte : Adding an indifferent electrolyte to a surfactant solution has a 
pronounced effect on the cmc, especially for ionic ones. For nonionic 
surfactants, the effect is smaller but still significant and the difference between 
^ ^ 
^ 
the two is dramatically demonstrated by the difference in the functional 
dependence of cmc on salt concentration, c: 
log (cmc) = bi + b2C (nonionic) (1.2) 
and 
log (cmc) = b3+ b4 logc (ionic) (1.3) 
The constants, bj, depend upon the nature of the electrolyte. 
For the ionic surfactants, the principal effect of the salt is to partially 
screen the electrostatic repulsion between the head groups and so lower the 
cmc. The effect of salts of the same valence type are usually discussed in terms 
of the lyotropic series. For the nonionic ones the concentrations of salts 
required to produce significant effects are much higher and the discussion of 
such behavior introduces the notion of 'salting-in' and 'salting-out' of 
nonelectrolytes by the electrolyte '^*. 
Solvent medium : Nonpolar medium offers environment similar to the 
surfactant tail so that the tendency of self-association is reduced. 
Organic additive : Addition of organic compounds affect the cmc either by 
penetrating into the micellar region, or by modifying solvent-micelle or 
solvent-monomer interactions. 
It is common practice to divide organic materials into two main groups. 
Group A is composed of molecules (like alcohols with moderate to long 
hydrocarbon chains) that appear to be adsorbed in the outer regions of the 
micelle, forming a palisade (i.e., fence-like) structure with the surfactant 
molecules. This lowers the free energy of micellization to more negative values 
and so reduces the cmc. Group A compounds are generally effective at quite 
low bulk concentrations. Group B materials alter the cmc at substantially 
higher bulk concentrations and probably exert their influence through 
modification of the bulk water structure. The effect is usually discussed in 
terms of modification of water structure, its dielectric constant, or its solubility 
parameter (cohesive energy density). 
Micellar Structure 
The most simple picture of the micelle structure formed by ionic 
surfactants is the Hartley modeP^ In this model micelles are considered as 
globular structures having a hydrocarbon core surrounded by a highly 
hydrophilic region formed by the surfactant head groups, counterions, and 
water molecules. Several aspects of this self-assembled structure have been the 
subject of discussion on the basis of which alternative models of micelle 
structure have been suggested like, Menger model , Dill-Flory model , 
Fromherz model^ ,^ etc. 
In nonpolar medium surfactants associate to form the so-called 
reverse/inverted micelles. Reverse or inverted micelles have a water core 
surrounded by the surfactant polar head groups. The alkyl chains together with 
a nonpolar solvent make up the continuous medium. 
When two or more types of surfactants are in solution, a complex 
balance of intermolecular forces is responsible for the formation of mixed 
micelles against the formation of micelles constituted by surfactant of one type. 
For ionic surfactants, as for nonionics, the change in micelle size with 
increasing surfactant concentration is related to micelle polydispersity. At low 
surfactant concentrations, the micelles are usually spherical. With increasing 
surfactant concentration, the morphology spectrum runs from micelles, through 
a cubic array of micelles, hexagonally packed rods, cubic bicontinuous spheres, 
to lamellae where phase inversion takes place, and the inverted morphologies 
develop: cubic, reversed hexagonal, cubic, and reversed micelle^^" .^ The 
symmetry and stability of the microstructure depend intimately on chain size 
and chemistry as well as on physical variables such as temperature. The 
underlying principle is that two fundamentally different sub-units of the 
amphiphile are driven to phase separate like oil and water, with the limiting 
condition that they are covalently attached to each other. Molecules, i.e., 
macromolecules, are therefore thermodynamically driven to self-assemble in 
order to minimize the contact between the immiscible components (the solvent 
and the insoluble block). 
The shape of microstructures can be correlated with molecular geometry 
of the amphiphile predicted on the basis of packing considerations. 
Packine parameter : The molecular packing parameter is a remarkably simple 
and insightful parameter to consider when discussing the morphology of the 
structures formed by surfactants. Packing considerations constitute a factor 
which involves the nature of the head and tail groups of the surfactant. A 
critical ratio (Rp) with associated limits for several of the possible aggregation 
shapes has been devised by Ninham et al. '^ 
Rp=Vh/aolc (1-4) 
where 
Vh= the volume of the amphiphile's hydrocarbon tail, 
aQ= the optimum cross-sectional area per amphiphile molecule, and 
4= the length of the fully extended hydrocarbon tail (see Fig. 1.2). 
Area a 
Length l. 
Volume Vj. h 
Fig. 1.2- Schematic illustration of a amphiphile molecule with the volume of 
amphiphile's hydrocarbon tail Vh, the optimum cross-sectional area per 
amphiphile molecule ao, and the length of the hydrocarbon tail 4. 
The change in micellar structure and size can be achieved by adding 
solutes. These additives, depending on their mode of action, are divided into 
the following two groups. 
1. Additives which do not penetrate micelles : Although a third component 
added to a micellar solution does not solubilize in the micellar phase, it can 
involve different interactions with surfactant which depend on the nature of the 
additive. We can distinguish the following -
(a) Strong inorganic electrolytes which interact with the micelles 
electrostatically. It is established that the salts present affect strongly the 
aggregation number of the micelles""^^ This fact may be due to the binding of 
salt counterions to the micellar surface, thus decreasing the repulsion between 
the polar head groups of surfactant molecules and increasing the local 
curvature. 
(b) Highly polar nonionic additives which affect the micellization process 
through their effect on physicochemical properties of the solvent. The effect is 
usually discussed in terms of whether the additive is a water structure maker 
(kosmotrope) or a structure breaker (chaotrope). Typical structure makers are 
xylose and fructose and structure breakers are urea and formamide. 
2. Additives which penetrate micelles : In the micellar aggregates three sites of 
solubilization can be identified: the micellar core (highly hydrophobic), the 
micellar surface (highly hydrophilic), and the palisade layer (the region 
between the head group and the core). Therefore, depending on the site of 
solubilization, there are three classes of compounds: 
(a) Apolar additives which are essentially solubilized in the micellar core. For 
micelles to maintain a spherical form, some of the tails must be able to reach 
the center of the micelle. Addition of an aliphatic hydrocarbon, generally 
thought to reside in the micellar core, relieves this requirement. Now the 
association structure can maintain spherical form containing the solubilized oil 
at the radius which was previously prohibitive. So aliphatic hydrocarbons 
retard the sphere-to-rod transition. If the hydrocarbon core region resembles a 
not-too-viscous hydrocarbon liquid, one would expect considerable 
solubilization of benzene and related compounds in this region: on the other 
hand, the possibility that aromatic n-electron systems could interact (albeit 
weakly) with ionic charges and dipoles in the outer regions of the micelle 
might account for the fact that aromatics interact somewhat more strongly with 
ionic micelles than do the aliphatic hydrocarbons.^ ^ 
(b) Polar additives whose site of solubilization is the palisade layer. Such type 
of incorporation of an additive into micelle would be expected to increase the 
mean volume per surfactant molecule (vh)^ ^ without significantly affecting the 
average head group area {a^ and length per surfactant molecule (4) in the 
packing parameter. Thus, packing parameter inceases when such additives are 
added to the micellar system and larger micelles are formed. 
(c) Complexes with inorganic ions (crown ether) which can solubilize at the 
micellar surface depending on the nature of the surfactants and/or of the 
complexing molecule. 
Cloud Point 
Surfactant have mainly been used for the solubilization of organic 
compounds in water, enhancement of analytical signals, control of reaction 
paths, micellar catalysis, alteration of spectral features of the reaction products 
among others.^ "^^ ^ They have also been used for compartmentalization of ionic 
and natural solutes into very small volumes.'" This process depends upon a 
distinctive physical property of surfactants (mainly nonionic ones), namely, the 
existence of a critical point in the phase separation phenomenon which can be 
induced by changes in the temperature of the micellar solution. Above this 
critical point or cloud point (CP), two isotropic phases are well defined: dilute 
aqueous phase containing a low concentration of surfactant (surfactant-lean 
phase), and surfactant-rich phase.''^  For ionic surfactants, the phenomenon 
(more properly, lower consolute phase behavior) rarely occurs presumably 
because electrostatic repulsion among charged micelles prevents phase 
separation in most cases. 
Clouding is attributed to the dehydration of hydrophilic groups of the 
amphiphiles''^. There are many theories to explain the presence of CP. 
However, it is still not completely resolved'*'*. The dehydration of micelles can 
be achieved either by raising of temperature so that hydration forces give way 
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to van der Waals attraction''^  or by filling the hydrophilic region with other 
compounds so that the effective number of water molecules is reduced . 
Since the phase transition temperature is determined by a very delicate 
balance between opposing effects, a slight change in the intermicellar 
interaction potential may affect the cloud temperature considerably. 
Several factors have been considered to be responsible for the CP 
phenomenon like structure of surfactant molecule, concentration, temperature 
and a third component (additive). CP is very sensitive to the presence of 
additives in a system, even at very low concentrations. The additives modify 
the surfactant-solvent interactions, change the cmc, size of micelles and phase 
behavior in the surfactant solutions'*'. 
Many efforts have been made to investigate the effect of various 
additives, e.g., inorganic electrolytes'**, organic compounds'*', ionic 
surfactants^ ,^ and zwitterionic surfactants, on the CP of a nonionic surfactant. 
The effect of organic additives on the CP of anionic surfactants can vary 
widely, depending on the nature of additives^ "'^ ^ 
Some authors have also reported the CP of ionic surfactants 
Raghavan et al." has reported the clouding behavior in ionic surfactants in 
presence of salts with hydrophobic counterions. The plausible hypothesis given 
is that the binding of hydrophobic counterions promotes micellar branching. 
Kabir-ud-Din and coworkers have found that adding salts with large 
hydrophobic cations to anionic surfactants can lead to clouding when such 
behavior is absent in the pure surfactant solution ^ *"". 
Mahajan et al.^ ^ observed that the cloud point of both Tween 20 and 80 
decreases in the presence of glycol oligomers as well as triblock polymers 
(TBP). Among the glycol oligomeric additives, ethylene glycol monobutyl 
ether was found to reduce the CP maximum. An increase in repeating units of 
polymeric glycol additives leads to a decrease in CP. Reduction in the CP in 
the presence of TBP depends upon the increase in hydrophobic/hydrophilic 
ratio among the polypropylene to polyethylene units. 
II 
It has been shown that certain mixed surfactant solutions clouded in two 
stages, first becoming faintly turbid (preclouding) and then fully clouded at a 
higher temperature.^ Older literature references to this phenomenon were 
limited to brief reports of solution conditions referred to as double cloud point, 
or an apparent cloud point. 
Classical light scattering studies have been interpreted as indicating a 
rapid increase in micellar aggregation number, with long cylindrical micelles 
being formed.^ ^ However, other interpretation of this phenomenon, and of 
SANS data, suggest that only a modest growth (if any) in micelle size occurs 
but that intermicellar interaction increases markedly as the two-phase boundary 
is approached. 
Hydrotropv 
The phenomenon of 'hydrotropy' was discovered by Neuberg in 
1916^ .^ Hydrotopes are weakly surface-active compounds that can increase the 
solubility of organic substances in aqueous solution.^ ^ Besides enhancing the 
solubilization of compounds in water, they are known to exhibit influences on 
surfactant aggregation leading to micelle formation, phase manifestation of 
multicomponent systems with reference to nanodispersions and conductance 
percolation, clouding of surfactants and polymers, etc ' . Hydrotropes are 
used as solubilizing agents in drug formulations. The biological action of 
hydrotropes has interested several researchers. 
Classification of Hydrotropes 
Typical hydrotropes are alkali and alkaline metal salts of benzoates, 
aromatic sulfonates, substituted phenols, proline, and hydrochloride salts of 
;7-amino benzoic acid, substituted anilines, etc. Some typical cationic, anionic, 
nonionic, and neutral hydrotropes are examplified in Table 1.2. 
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Table 1.2 - Examples of hydrotropes. 
Type Structural Formula Abbreviation 
1.. Anionic 
Sodium salicylate 
Sodium p-toluenesulfonate 
2. Cationic 
p-Toluidine hydrochloride 
3. Nonionic 
Resorcinol 
a-Naphthol 
COO'Na 
OH 
SOa'Na 
CH3 
CH3 
OH 
& < 
-OH 
OH 
NaSal 
NaPTS 
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A hydrotrope molecule has been regarded as an amphiphilic entity but 
with less hydrophobic character than the common surfactants, rather like short-
chain amphiphiles and the bile salts. They may self-associate in aqueous 
medium, comparable to amphiphile self-association or micellization. The 
aggregation numbers found in the case of hydrotropes are expected to be lower 
compared to those found in the case of micelles. Generally, it has been 
observed that hydrotropy does not seems to be operative below a particular 
concentration, while above this concentration the solubilization rises markedly. 
This concentration above which hydrotropic action is observed may be referred 
to operationally as the minimal hydrotropic concentration (MHCf^. At this 
concentration other hydrotropic properties such as solubilization become 
prominent. The extent of hydrotropic solubilization is much higher and 
selective, while that in case of surfactant solubilization is more general, of 
lower capacity and less selective. 
Hydrotropes exhibit variable influences on microstructures of amphiphile 
aggregates. The liquid crystalline phase can be transformed into a higher or 
lower analogue. It may promote as well as inhibit micelle formation and can 
alter the liquid-liquid phase-separation temperatures of ethoxylated surfactant. 
In a microemulsion, it alters the solubility region and percolation threshold 
temperature. Packing requirement in the surfactant monolayer, extensive H-
bonding with solvent molecules and the ability of complex formation may 
explain the selectivity in hydrotrope action. Aromatic hydrotropic salts contain 
counterions that adsorb on the surface of micelles and thereby decrease their 
surface charge density. In addition, the colon released by ionization of the 
hydrotropic salt increases the ionic strength and screens electrostatic 
interactions^ '^^ .^ In the majority of the cases transition from spherical to 
wormlike micelles takes place which corresponds to a drastic increase of 
elasticity and viscosity of the fluid. Such viscoelastic wormlike micelles have 
attracted much interest in fundamental research and practical applications. 
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Although physicochemical investigations on solution properties of 
hydrotropes have well-passed their infancy, further work is required to 
rationalize the phenomena encountered. 
Relevance of the Research Problem 
The transition of proteins from an unfolded state to the folded one has 
some resemblance to micelle formation. For several years, continuing efforts 
have been made to understand the effect of urea and other denaturants on the 
stability of proteins in aqueous solution. Related efforts to understand urea's 
effects on the property of surfactant aggregates, particularly aqueous micelles, 
are also ongoing because the same basic intermolecular and ionic forces control 
both surfactant aggregate and protein stabilities. Nevertheless, because this 
urea effect involves a number of complex factors, there are currently certain 
controversies for elucidating the mechanism by which this process takes place. 
Micelles are attractive as models, not only for their simplicity but 
because hydrophobic interaction can be assessed relatively easily by observing 
the phenomenon of micellization or sphere-to-rod transition (s->r). From 
practical point of view, the presence of non-spherical micelles gives solutions a 
very high viscosity which might be of importance in industrial formulations as 
it enhances performance and customer appeal of formulations. Control of 
viscosity of preparations with nonionic surfactants can be done by varying the 
length of the hydrophilic head group. For ionic surfactants, such variation in 
viscosity may be caused by salt addition or solubilization. 
Cloud point is an important property of surfactants and is used in 
applications such as detergency since (a) adsorption of surfactants on substrates 
has been found to increase significantly near their cloud points, and (b) oily soil 
removal from substrates is optimized at the cloud point. 
The practical importance of CP lies in the fact that suspensions, 
emulsions, and ointments, stabilized with nonionic surfactants, become 
15 
unstable when heated in the vicinity of CP, e.g., during steam sterilization or 
some end use. 
Hydrotropes are a special class of compounds that exhibit distinct 
solution properties. They are eflficient solubilizers. Besides solubilization, 
hydrotropes have uses in vesicle preparation and selective separation as 
stabilizer of o/w microemulsion, viscosity modifiers and as cleaning agents in 
cloudy detergent formulation. Although there are evidences in favor of self-
association of hydrotropes, conclusive evidence in favor of MHC and clear 
information on the nature of aggregation are still lacking. 
Layout of the Thesis 
This thesis consists of five chapters including this one which is 
concerned mainly with the general introduction of amphiphiles, the factors 
responsible for the various aggregation patterns and their solution properties, 
e.g., cloud point phenomenon, etc. 
In Chapter 11, the methodologies which were used in the studies are detailed. 
Materials used, individual purity, make, etc., are also given in tabular form. 
Chapter III consists the effect of addition of urea and other family members on 
micellization and the related phenomena like sphere-to-rod transition in a 
typical ionic micellar solution (SDS) and its possible implications in protein 
folding. Conductivity, viscosity and small-angle neutron scattering (SANS) 
measurements have been performed to gain insight in the phenomenon and 
changes in the morphology involved. CP variation of TX-lOO at different 
concentrations of urea show that urea acts as an ameliorator for micellization 
up to a certain concentration. 
Studies on the effect of various non-aqueous solvents on the CP behavior of 
ionic SDS containing different salts are described in Chapter IV. 
Chapter V contains the work performed on the association of hydrotopic 
compound sodium salicylate (NaSal) in presence of different additives. 
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CfJapter-II 
Experimental 
The chemicals used throughout the study are listed in Table 2.1 which 
also includes their abbreviated names, chemical formulas, sources and purities. 
All the surfactants (SDS, CTAB and Triton X-100) and hydrotope (NaSal) 
were used as received. 
The quaternary sahs were dried for at least 72h before use in a vacuum 
drying oven. The temperature during drying was maintained according to the 
thermal stability and fusion point of the salt. 7'he dried salts were stored over 
P2O5. Other inorganic salts were used as received. 
All the organics were used as supplied. The water used to prepare the 
solutions was demineralized and double distilled in an all-glass (Pyrex) 
distillation set up. The specific conductivity of water was in the range 1-2x10 
S cm"'. For the small-angle neutron scattering experiments, D2O of 99.4% 
purity was supplied by the Heavy Water Division, Bhabha Atomic Research 
Centre (BARC), Mumbai. 
Special care was taken while cleaning the glasswares (by immersing 
successively in IM NaOH ethanol and IM nitric acid baths and then by rinsing 
with double-distilled water. 
Stock solutions of surfactants (in water containing either a fixed 
concentration of salt or no salt) were prepared by weight. 
To see the additive effects, sample solutions were made by taking 
requisite amounts or volumes of additives (depending on their physical state) in 
standard volumetric flasks and making up the volumes with the stock solution. 
When required, more samples were prepared by dilution. After proper mixing, 
the sample solutions were kept overnight for equilibration. To avoid 
evaporation, the containers were kept properly stoppered during equilibration 
and measurement. 
Conductivity Measurements 
A Philips conductivity meter (model 9500) equipped with platinized 
electrodes (cell constant: 1.02 cm'') was use for conductivit>' measurements. 
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For a typical measurement the sample solution was taken in a Pyrex glass 
container and the conductivity cell was introduced into it, which was then 
allowed to attain thermal equilibrium at the desired temperature (bath was 
designed and assembled in the laboratory with commercially available 
components). The conductivity was then noted. The solvent correction was 
made by deducting the conductivity of solvent from that of the sample solution. 
Viscometerv 
All fluids may be considered to be consisting of molecular layers arranged 
one over the other. When a shearing force is applied to a liquid, it flows. 
However, the forces of friction between the layers offer resistance to this flow. 
Viscosity of a liquid is a measure of its frictional resistance. Viscosity is 
expressed as dyne-seconds per cm^ or poise. In practice, smaller units 
centipoise and milipoise are used. 
There are a number of methods of different kinds for measuring viscosity, 
rj. The method commonly employed is based on Poiseuille's law which is 
given by, 
i7 = 7rp/t/8lv (2.1) 
where v is the volume in cm^ of the liquid flowing in t seconds through a 
narrow tube of r cm under a hydrostatic (driving) pressure of/? dynes cm". 
It is not possible to find the absolute coefficient of viscosity (77) straight 
away from Poiseuille's equation as experimental measurement ofp, r, /, and v 
offers considerable difficulty. Hence, viscosity of a liquid is determined with 
respect to another liquid, usually water. This is called relative viscosity (rfr). 
Let // and (7 be the times of flow of a fixed volume v of the two liquids 
through the same capillary. The expression for relative viscosity (7 )^ can be 
derived from Eq. (2.1) 
' 7 , = ^ = ^ . ^ ^ = ^ (2.2) 
Since the pressure is proportional to the density, we have 
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^ . = ^ (2.3) 
where dj and d2 are the densities of the solution and solvent. Ozeki and Ikeda' 
found density corrections to be negligible, rj^ values may therefore, be 
calculated using equation 
Vr-- (2-4) 
In the present study the viscosities of the solutions were measured at 25 
°C by an Ubbelohde viscometer, thermostated at the experimental temperature. 
The temperature was controlled within ±0.1 °C in the thermostated water bath. 
The flow times always exceeded 150 s, and no kinematic corrections were 
necessary. 
CP Measurements 
The CP's were obtained by placing several Pyrex tubes, each containing 
different volume percentage of non aqueous solvents at fixed [SDS] with fixed 
[salt], into the temperature controlled bath. The temperature was ramped at the 
rate of 0.1 °C/min near the CP. Onset of turbidity (visual observation) was 
taken as the CP. However, the temperature was oscillated slowly through the 
CP until it was reproducible. 
Similar CP measurements were made by using different [SDS] with fixed 
[salt] and different [SDS] with different salts. 
The CP measurements with TX-lOO + urea were performed by following 
the same procedure. 
Small-Ansle Neutron Scattering: Technique and Measurements 
Small-angle neutron scattering (SANS) covers a length scale, where most 
of the micelle structures starting from spherical to rod-like or disk-like shapes 
and sizes are formed '^^ . SANS gives information about the shapes and sizes of 
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the micelle and interactions between the micelles''^ SANS is thus an ideal 
technique for studying the structural aspects of micellar solutions. 
In a typical neutron scattering experiment^, a monochromatic beam of 
neutrons is incident on the sample being studied and intensity of the neutrons 
scattered by the sample is then measured as a function of scattering angle. The 
data acquisition consists of counting the number of neutrons scattered at 
various angles normalized by either total fixed number of neutrons incident on 
the sample or normalized with time. 
SANS experiment is a diffraction experiment which involves scattering 
of a monochromatic beam of neutrons from the sample and measuring the 
scattered neutron intensity as a function of the scattering angle. The wave-
vector transfer, (Q^{4nsm0/A), where X is the incident neutron wave length and 
20 is the scattering angle) in these experiments is small, typically in the range 
of 10^  to 1.0 A •'. The wave length of neutrons used for these experiments are 
usually 4-10 A. Since smallest 0-values occur at small scattering angle (-1°) 
the technique is called small-angle neutron scattering. SANS measurements 
were performed using a spectrometer with the following details : 
mean wave length (A) of the BeO filtered beam = 5.2 A 
angular divergence of the incident neutron beam = ± 0.5° 
beam size of the sample position = 1.5 cm x 1.0 cm 
accessible wave-vector transfer range = 0.018- 0.32 A" 
The scattered neutrons were detected in an angular range of 1-15° using 
a linear He^  position-sensitive gas detector (PSD). The PSD is made up of a 
stainless steel tube filled with He'^  gas at 30 psi and Kr at 15 psi pressure. To 
have good contrast between micelles and solvent, samples for SANS 
measurements were prepared in D2O. Scattered neutron intensity in a SANS 
experiment depends on the square of the difference between the average 
scattering-length densities of the micelle (p„,) and the solvent (A), (p„ -ps) ; 
this is called the contrast factor. Intensity of scattered neutrons from micellar 
solutions increases considerably when D2O is used in place of water as the 
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scattering length of hydrogen is negative (= -0.3723 x 10''^  cm) and that for the 
deuterium is positive (= 0.6674 x 10"'^ cm). The contrast between the micelle 
and the solvent can be increased by deuterating either the solvent or the 
surfactant. The properties of most of the systems usually do not change on 
replacing H2O to D2O. PSD allowed for the simultaneous recording of data 
over the full 0-range. 
The samples were held in a 0.5 cm path-length quartz cell. The cell was 
properly stoppered and thermostated at various temperatures. The raw data 
were corrected for the background, empty-cell scattering and sample 
transmission. The corrected intensities were normalized to absolute cross-
section units, and thus the coherent differential scattering cross section, dlldQ, 
vs. Q was obtained. 
Data from the position sensitive detector are stored in a multichannel 
analyzer as intensity vs. channel number. There is a one-to-one correspondence 
between the channel number and the distance R between the point of neutron 
detection and the centre of the incident beam at the detector. The scattering 
angle is given by 26*= tan'' {Rl Li), where Li is the distance between the sample 
and the detector. Thus, each channel of the multichannel analyzer is related to 
the corresponding Q value. SANS experiment involves recording the three 
SANS distributions. These are. (i) intensity distribution 1^(0) from the micellar 
solution (D2O +surfactant), (ii) intensity distribution I/Q) from pure D2O and 
the container, and (iii) intensity distribution If,(Q) of the background (no sample 
and the neutron beam is blocked). The measured intensity from the sample 
Is(Q) is corrected for these contributions. The corrected scattered intensity I(Q) 
of interest from the sample is given by 
/(0 T. T. T^ (2.5) 
where T, is the sample transmission and T^ is the transmission of the empty 
sample holder. If,(Q) and I/Q) in Eq. (2.5) correspondence to the same monitor 
counts. 
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In a SANS experiment, the sample is generally taken in the form of a plate 
(circular or rectangular), so that it has uniform thickness over the beam area. If 
dI/dQ(Q) is the differential scattering cross-section per unit volume of the 
sample, the measured scattered intensity can be represented as^ 
m)-KTj^{Q) (2.6) 
where / is the sample thickness and A" is a constant which depends on 
instrumental specifications, incident neutron flux, detector efficiency, solid 
angle subtended by detector element at sample position. By combining Eqs. 
(2.5) and (2.6), we get the following expression for the scattering cross-section 
of the sample: 
dQ'^ Kt 
iJQ)-h(Q) iJQ)-h(Q) (2.7) 
The instrumental constant K is determined by recording the data from a 
standard sample (e.g., H2O, vanadium, etc.)^. The measurement thus provides 
dI/dQ(Q) in absolute units, namely cm'' 
SANS data analysis : The experimental data points were fitted by adopting the 
routines as described by Hayter and Penfold"'"'^  and Chen and coworkers'^"''. 
The data have not been corrected for resolution effects. The residuals in the 
fitting were negligible. 
For monodisperse interacting micelles of volume V„, present at a number 
density «,„ and of scattering-length density p,„ dispersed in a solvent of 
scattering-length density A. dl/dOmay be written as"*"'°'''"''' 
dl 
= "X(P„.-Pji{F'(Qj ) + {F{Q)y[S(Q)-l]}+B (2.8) 
dQ 
Eq. (2.8 ) for non-interacting micelles (S(Q) ^\) can be reduced to 
dl 
dQ -"„.y„Up.,-P.y{F'iQ))+B (2.9) 
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Here F(Q) is the single particle form factor, S(Q) is the interparticle structure 
factor, and 5 is a constant term that denotes the incoherent scattering which 
mainly arises due to hydrogen in the object. The micelle aggregation number n^ 
is related to V„ by 
V,„ = n,v, (2.10) 
where v^, is the volume of a surfactant monomer obtained with the help of 
Tanford's formula" .^ For an ellipsoidal micelle 
{F\Q))-][F{Q,M)]d^ (2.11) 
Q 
{nQ)f=[\{F{Q,M)\d^\ (2.12) 
/r(g,^)^3(sinx-xcosx) (2.13) 
x' 
were a and b are, respectively, the semi-minor and semi-major axes of the 
ellipsoid and /^  is the cosine of the angle between the axis of revolution and Q. 
For a rod-shaped micelle'^ of length 1 = 2/ and radius R (= «) 
{FUQ))A''"' ^^^'"'^^• '^^^^^"'^^sin<^^<^ (2.15) 
{(f) is the angle between the axis of the rod and bisectrix, and J\ is the Bessel 
function of the order unity.) In this analysis, the rod is fitted with a fixed radius 
equal to the length of surfactant monomer (=a). varying the other dimension. 
S(Q) is the Fourier transform of the radial distribution function g(r) for the 
centers of mass of the micelles. In the analysis, S(Q) has been calculated using 
the mean spherical approximation'°"''. The fractional charge /?(= Z/n^, where Z 
is the micellar charge) is the additional parameter in the calculation of 5f0. 
In this analysis, the only unknown parameters to calculate dUdQ^xt the 
/?andn^( = ^•K(? bll>v). 
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The data (corresponding to 0.3 M SDS + 0.2 M Bu4NBr with and 
without urea/thiourea) were analyzed using the above method. The minor axis 
a (=16.7A), which is the length of the extended SDS monomer, was obtained 
from Tanford's formula'^ , w a^nd /5were taken as parameters of the fit. 
Surface Tension (yj Measurements 
Surface tension {y) measurements were made by the well known drop-
volume method. 
A drop of liquid is allowed to form at the lower end of a capillary tube. 
The drop is supported by the upward force of surface tension acting at the outer 
circumference of the tube. The weight of the drop {mg) pulls it downward. 
When the two forces are balanced, the drop breaks. Thus, at the point of 
breaking 
mg = 2nry (2.16) 
where w = mass of the drop, 
g = acceleration due to gravity, and 
r = outer radius of the tube. 
The apparatus employed was a glass pipette with a capillary at the lower 
part. This is called a stalagmometer or drop pipette. It was cleaned, dried and 
filled with the experimental liquid up to the mark. The number of drops were 
counted. Similarly, the pipette was filled with the reference solution and 
number counted. Let ni and n^  be the number of drops produced by the same 
volume F of the two liquids, then 
volume of one drop of liquid 1= V/n,, 
mass of one drop of liquid 1 = {V/n,) pi, 
where pi is the density of liquid 1. 
Similarly, the mass of one drop of liquid 2 = {V/n2) p:- Then -
r, _ {Vln^)p^ ^n^p^ (2.17) 
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The value of pi was determined with a pyloiometer. Knowing p2 and y2 from 
reference tables, yi was calculated. 
Spectrophometry 
Solubilization of riboflavin in aqueous solutions containing NaSal + 
additives was checked by recording spectra using a UV-vis Spectrophotometer 
(Cintra 5, GBC Scientific Equipment, Australia). 
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CfJa-ptet'III 
Effect of Adding Different Ureas on 
the Aggregation Properties of 
Aqueous Surfactant Systems 
Introduction 
Protein folding/unfolding is a key step in the manifestation of function 
from genetic information, and understanding the process has emerged as a 
significant, but challenging, problem'"''. There has been great deal of discussion 
on the mechanism of protein folding/unfolding '^'. Despite its everyday use in 
protein unfolding studies the exact role of action of urea on proteins is not 
understood. Urea-induced denaturation of proteins has been reviewed in the 
past'°. It is held that the number of denaturant binding sites is more in the 
unfold state than in the native state" and unfolding results from exposure of 
extra binding sites with the concomitant additional interaction between the 
protein and the denaturant as the concentration of the latter is increased'^. 
The transitions of proteins from a unfolded state to the native 
conformation (i.e., folded one) have some resemblance to micelle formation, 
and likewise, it is highly cooperative process (analogous to hydrophobic 
interactions)'^'''. For similar reasons, one expects that urea and its derivatives 
may have a profound effect on the properties of micellar solutions, which are 
determined by a delicate balance of hydrophobic/hydrophilic interactions of 
surfactant molecules with water'^ •'^ . 
To understand the microscopic basis of the role of urea as "denaturant", 
a debate on the direct (favorable H-bonding between urea and water) versus 
indirect (rupture of the 3-D structure of water) mechanism has continued for 
quite a long time^''^''^. Taking note of fairly recent theoretical analyses^ "^^ ' and 
on the basis of their own as well as other results^^ of urea's effect on 
supramolecular/amphiphile properties, Politi et al.^ "' have proposed a third 
alternative in which "neither water 3-D structure rupture nor direct mechanism, 
simply a more polar water" is formed with enhanced hydrophilicity, as a 
consequence of which better solvation of polar or ionic head groups takes 
place. 
Urea continues to be considered a potent protein denaturant. A report on 
protein renaturation taking place in the presence of urea at low concentrations, 
however, appeared in 2002^. In most of the studies, urea has been added from 
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moderate (1 M) to high concentrations (6-8 M). The stabilization of the 
methane-methane contact pair by urea, a renaturation effect, has also been 
shown using molecular dynamics simulations '^'. In view of the above, the 
pertinent question is -"Does urea act as denaturant at all concentrations?" The 
observations suggest that interpretation of urea effect in surfactant/protein 
researches is still an open problem and demands further investigation. 
In view of above ambiguities concerning the role of urea, it seems 
appropriate to carryout an investigation of the effect of urea and its derivatives 
on a simple 'model' system containing micelles (spherical or rod shaped), not 
only for their simplicity, but because the hydrophobic interactions can be 
assessed relatively easily through measurement of the cmc. The urea effect on 
micellization is extensively investigated in the past ' ' but much less 
attention has been paid to the effect of urea derivatives on the micellization of 
surfactants'^ -^*. 
The lack of information on the micellization in presence of urea 
derivatives and the interesting protein folding/unfolding effects mentioned 
above led us to perform investigations on surfactant + urea systems in aqueous 
solutions. Our aim is to compare their effects on micellization of ionic 
surfactants and if possible to extend the conclusions to protein researches. The 
purpose of the present work is to show that urea and other related family 
members can influence micellization and related phenomenon and the 
magnitude of the effect is dependent upon the nature and concentration of the 
additive. It has previously^^ been proposed that urea enhances the hydrophobic 
interaction and acts as a renaturant, and we can experimentally support this 
suggestion. The cmc results (obtained from conductometry) are supported by 
observing decrease in [«-pentanol] needed for sphere-to-rod (s->r) transition in 
a well characterized 3.5% sodium dodecylsulfate (SDS) + 0.28 M NaCl 
aqueous system^'. Few small-angle-neutron scattering (SANS) measurements 
were also made to obtain micellar parameters (aggregation number {n^ and 
fractional charge (J5)) of 0.3 M SDS + 0.2 M tetra-«-butylammonium bromide 
(BojNBr) + urea/thiourea systems. Cloud point (CP) measurements were also 
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performed by taking a well known nonionic surfactant TX-lOO, with the 
addition of urea. 
Results 
It is well known that specific conductivity is linearly related to the 
[surfactant] in the both premicellar and postmicellar regions and that the 
intersection point between the two straight lines provides the cmc, where the 
ratio of the slopes of the postmicellar (S2) to that of the premicellar region (Si) 
provides the degree of counterion dissociation (a). The cmc values of SDS and 
CTAB, determined in the presence of ureas/thioureas (for example, see Figs. 
3.1 and 3.2), are recorded in Tables 3.1 and 3.2 whereas the values of Si, S2 
and a of the two surfactants are given in Tables 3.3-3.5 and Tables 3.6-3.8. The 
cmc values so obtained at different additive concentrations are plotted in Figs. 
3.3 and 3.4. SANS distributions from 0.3 M SDS + 0.2 M Bu4NBr system in 
presence of urea/thiourea are shown in Figs. 3.5/3.6 whereas Table 3.9 records 
the relevant micellar parameters. The variation of t]^ of 3.5% (w/v) SDS + 0.28 
M NaCl system with «-pentanol addition at different fixed concentrations of 
ureas/thioureas are recorded in Tables 3.10-3.15 and Figs. 3.7-3.12 present the 
same graphically. The n-pentanol concentration needed for s->r (i.e., [n-
pentanol] s-yr) obtained from Figs 3.7-3.12 are recorded in Table 3.16 and 
plotted in Fig. 3.13. The variation of CP of TX-lOO solutions (of different 
concentrations) with added urea is recorded in Table 3.17 and the data are 
presented graphically in Fig. 3.14. 
Discussion 
Before presenting the effect of ureas (U, TU, MMU, DMU, TMU and 
TMTU) on the properties of different aggregation phenomena, a few facts 
about urea-water system are worth m.entioning. Urea has different hydrogen-
bonding sites and can form bonds with water molecules, which more than 
compensate for the disturbance of the bonds existing in pure water. Presence of 
35 
urea + water in place of pure water causes an increase of the dielectric constant 
of the solvent (urea + water)^°'^ \ It has been reported that the aqueous urea 
solution was in single phase and urea molecules are spread homogeneously 
thoughout^ '^^ .^ Conflicting interpretations are given for the results on effect of 
urea and its derivatives added to surfactant solutions'^ '^ '^'^ .^ It is thus important 
to clarify the influence of urea on hydrophobic effect'^ . 
It seems appropriate to mention that even after appearance of a report on 
cmc decrease of SDS in presence of butylurea up to a certain concentration 
(~0.25 M)^ *, surprisingly, no attempts have been made to extend the studies to 
low [urea] regime. The results to be described warrant more studies to be 
performed in low concentration regime with urea and other members of the 
family. 
The cmc data for pure SDS and CTAB compare well with the literature 
values . It can be seen (Figs. 3.3 and 3.4) that cmc decreases up to certain 
concentration of the additive and then an increase is observed on continued 
additions. For each urea analogue there exists a minimum in the cmc value, 
which is dependent on nature and number of methyl groups in the additive. 
Similar cmc decreasing behavior with butylurea was observed earlier and 
discussed in terms of interstitial/substitutional dissolution(s) of the butylurea^ .^ 
Because all the ureas have similar effects on the cmc (Figs. 3.3 and 3.4), the 
interaction mechanism seems identical. Singh et al.^ '* had earlier concluded that 
micelle formation could be a combined effect of the dielectric constant of the 
medium, the nature of hydrogen-bonding, and the dispersion forces among the 
alkyl chains of the surfactant ions. In the present situation, urea can influence 
the dispersion of both the polar and nonpolar portions of the surfactant. The 
observations of a recent study on urea effect are attributed to an urea-induced 
enhancement of the hydrophilic properties of water that results in more 
strongly solvated polar groups^ .^ The increased hydrophilicity of water would 
certainly contribute towards increasing the antipathy of the alkyl chain^ .^ It is 
well known that repulsive forces between similar charges vary inversely with 
the dielectric constant of the medium. Therefore, the decreased electrostatic 
repulsion between head groups of the micelle may contribute to the 
predominance of the hydrophobic interactions and to the decrease in the cmc at 
low concentrations of different ureas (Figs. 3.3 and 3.4). 
Interestingly, cmc decrease upto certain [additive] is dependent on the 
nature of urea and the surfactant. However, the [cmc] is different around this 
concentration of the additive. Also, in comparison to ureas, the cmc decreasing 
effect of thio counterparts ranges upto rather low concentrations (Figs. 3.3 and 
3.4). This may be due to the difference in the hydrogen-bonding patterns within 
the crystal structures of urea (which forms chains) and thiourea (which forms 
ribbons)^^ 
From the perusal of Figs. 3.3 and 3.4, it is clear that urea effect is less 
marked in case of CTAB than SDS. This is possibly due to the difference in 
molecular architecture of the two surfactants as a consequence of head group 
size and steric requirements. Since the positive charge residing on the 
quaternary nitrogen atom of CTA"*^  is less exposed than the negative charge of 
DS", the proximity of the ureas (or thioureas) to the head group is different in 
CTAB than the SDS and, as a result, it affects ion-dipole interactions between 
surfactant head and urea molecules and, therefore, the cmc. 
It is already known that the water distribution outside the hydration shell 
around urea has no special structural characteristics and the ability of large 
amount of urea to dissolve in water is a consequence of the minimum 
disruption of the over all hydrogen-bonding of the aqueous solution '^. At 
moderately higher concentration of ureas, the additive molecule gets adsorbed 
onto charged surfactant monomer ions and leads to repulsion between them. 
Also, the arrest of surfactant monomer ion among urea (or similar molecules) 
would decrease the hydrophobic interactions. The increase in cmc of SDS or 
CTAB at higher [urea] may be a resultant of the above tsvo effects. Figs. 3.3 
and 3.4 also show a distinct rise in cmc after minimum as the [additive] or 
number of methyl groups in additive increases. This indicates that adsorption of 
ureas on surfactant monomer ions increases with the additional methyl group 
with a concomitant decrease in hydrophobic interactions. Therefore, urea with 
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methyl group could be a better denaturant than simple urea. Similar type of 
cmc increase was observed in DMSO-water system, which is explained in 
terms of increased structuring of the water-DMSO liquid system resuhing in 
the formation of the stoichiometric DMS0.2H20^\ This hydrate formation 
overcomes the hydrophobic effect of the long alkyl chains and delays micelle 
formation. It is worth noting that the cmc increasing effect becomes operative 
at comparatively lower concentration of urea (or other additives) than needed 
for protein denaturation, which may be due to the size difference between 
surfactant ion (under study) and a typical protein molecule. 
The values of Si, S2 and a for SDS and CTAB are summarized in Tables 
3.3-3.8. The a-values (0.36 and 0.53) obtained in pure water are in agreement 
to the literature values^ .^ Once again it is observed that addition of urea (or 
other members) shows different effects in the low and high concentration 
regimes. Such behavior has experimentally been observed earlier also ' ' . 
In order to provide additional evidence regarding the above urea effect 
in low concentration range, we carried out SANS measurements on 0.3 M SDS 
+ 0.2 M Bu4NBr system. Figs. 3.5 and 3.6 show the dE/dQ vs Q spectra with 
the calculated fits. SANS parameters (w^ , P, semiminor {a) and semimajor {b) 
axes) for the system containing urea and thiourea are summarized in Table 3.9. 
No doubt ris increases with the addition of both urea and thiourea, but the n^ 
increase is more with the latter which indicates that thiourea is more effective 
in increasing the aggregation tendencies as was observed from the cmc data 
(Figs. 3.3 and 3.4, lower additive concentration range). Also, as the [urea] 
increased to 0.5M, the w^  value decreased. The trend in the variation of w^  (or b) 
is sufficient to substantiate the lower concentration effect of the members of 
urea family in cmc decreasing. 
The interpretation advanced above for the low concentration regime of 
ureas is further, supported by conducting two different studies. In one of the 
studies viscometric measurements were performed on the well defined 
surfactant system (3.5 % (w/v) SDS + 0.28 M NaCl)^ ^ to find the «-pentanol 
concentration needed to bring about the s->r transition. Surfactant solutions 
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containing spherical micelles are isotropic and of low viscosity , The presence 
of anisotropic micelles (e.g., rod-shaped) in the solution causes distinct rise in 
viscosity'"''* .^ Viscosity can, therefore, be used to study such transitions in 
solutions'*"''* '^'". We chose the system of ref 29 (i.e., 3.5 % (w/v) SDS + 0.28 M 
NaCl), and the effect of addition of n-pentanol on the viscosity behavior was 
seen (Figs. 3.7 to 3.12). Viscosity increases in the plot of relative viscosity (7;.) 
vs. [n-pentanol] at ~0.048 M (with no additive, at 30 °C), which is closer to the 
concentration (0.04 M at 25 °C) obtained by incremental calorimetric titration^^ 
(as we know, temperature retards the s->r transition, our value of [«-pentanol] 
at 30 °C seems acceptable). [«-Pentanol] for each [additive] was obtained from 
the r]r vs. [«-pentanol] plots (Figs. 3.7-3.12). The effect of different ureas and 
thioureas on the [«-pentanol] needed for s->r transition is shown in Fig. 3.13. 
We see that the required [«-pentanol] first decreases and then increases with the 
continuous addition of each member of the urea family. Thus, s->r transition is 
preponed initially with lower concentration regime of different members of 
urea family supporting the cmc and SANS data. 
The cmc lowering interpretation finds further support from the CP variation 
of TX-lOO in presence of urea. The CP first decreases, followed by an increase 
with progressive urea addition (Fig. 3.14). The data indicate that CP variation 
too is different in lower and higher concentration regimes of the additive. The 
initial CP decrease indicates that dehydration of the TX-lOO micelle has taken 
place by the addition of urea (in a low-concentration regime). The decrease in 
CP is not remarkable but enough to show that urea does influence the 
amphiphile properties, which, in turn, depend on the [urea] itself Since urea 
increases the dielectric constant of water^ '^'^ ', the strength of attractive van der 
Waals interactions would also increase in the presence of urea at the 
experimental temperature. Another factor to be taken into consideration is the 
size of the urea molecules, which is significantly larger than water. The 
addition of ureas, therefore, results in a thicker hydration shell, and the steric 
repulsion between the micelles would increase with increase in the [urea]. The 
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data in Figs. 3.14 show that both of the effects are operating and their 
dominance is dependent upon the [urea] present in the system. Initially (at low 
[urea]), the former effect dominates, whereas at moderate [urea], the steric 
effect becomes predominant. At intermediate concentrations, both of the effects 
are present, and when they are balanced, a minimum appears in the CP - [urea] 
profile. This indeed is observed in Fig. 3.14. 
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Table 3.1- Effect of ureas on the cmc of SDS (determined 
conductometrically). 
[Additive] 
(M) 
0 
0.05 
0.1 
0.135 
0.15 
0.2 
0.25 
0.275 
0.3 
0.4 
0.6 
1.0 
U 
8.1 
-
7.5 
-
7.2 
6.4 
6.2 
-
7.0 
7.7 
8.2 
8.8 
MMU 
8.1 
-
7.8 
-
-
7.7 
7.5 
-
8.0 
8.5 
8.6 
9.2 
cmc 
DMU 
8.1 
8.0 
7.9 
-
7.9 
7.8 
7.8 
-
8.2 
8.3 
9.2 
10.0 
(mM) 
TMU 
8.1 
6.6 
6.35 
6.2 
-
5.9 
-
5.8 
5.9 
6.3 
7.5 
10.5 
TU 
8.1 
7.5 
7.4 
-
7.5 
7.7 
-
-
8.1 
-
-
-
TMTU 
8.1 
6.4 
6.0 
-
5.6 
6.5 
7.0 
-
7.5 
-
-
-
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Table 3.2- Effect of ureas on the cmc of CTAB (determined 
conductometrically). 
[Additive] 
(M) 
0 
0.5 
0.1 
0.15 
0.2 
0.25 
0.3 
0.4 
0.6 
1.0 
U 
9.4 
9.2 
8.7 
-
8.3 
8.0 
7.7 
8.4 
9.4 
12.5 
MMU 
9.4 
-
8.8 
8.7 
9.0 
-
9.7 
11.0 
11.2 
11.8 
cmc 
DMU 
9.4 
9.2 
9.0 
9.5 
10.2 
11.8 
-
12.4 
13.1 
-
(mM) 
TMU 
9.4 
9.2 
9.0 
8.8 
8.1 
9.0 
10.6 
12.0 
13.5 
-
TU 
9.4 
9.2 
8.6 
8.4 
9.6 
-
10.0 
-
-
-
TMTU 
9.4 
8.5 
8.6 
8.7 
8.9 
9.2 
9.5 
-
-
-
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Table 3.3- Slopes of specific conductance -[SDSJ plots in water (or water + 
additive) below (Si) and above (S2) the cmc and degree of 
counterion dissociation (a). 
[Additive] 
(M) 
U 
0 
0.1 
0.15 
0.2 
0.25 
0.3 
0.4 
0.6 
1.0 
MMU 
0 
0.1 
0.2 
0.25 
0.3 
0.4 
0.6 
1.0 
Si(=dK/dC)c <cmc 
(Scm-VmM) 
0.73 
0.75 
0.62 
0.79 
0.83 
0.74 
0.73 
0.71 
0.70 
0.73 
0.74 
0.69 
0.69 
0.59 
0.68 
0.70 
0.64 
S2(=dK/dC)c >cmc 
(Scm"VinM) 
0.26 
0.36 
0.28 
0.42 
0.46 
0.36 
0.34 
0.27 
0.30 
0.26 
0.35 
0.31 
0.32 
0.25 
0.30 
0.28 
0.33 
a 
0.36 
0.48 
0.45 
0.53 
0.55 
0.49 
0.47 
0.38 
0.43 
0.36 
0.47 
0.45 
0.46 
0.42 
0.44 
0.40 
0.51 
Table 3.4- Slopes of specific conductance -[SDS] plots in water (or water + 
additive) below (Si) and above (S2) the cmc and degree of 
counterion dissociation (a). 
[Additive] 
(M) 
DMU 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.4 
0.6 
1.0 
TMU 
0 
0.05 
0.10 
0.135 
0.20 
0.25 
0.3 
0.4 
0.6 
1.0 
Si(=dic/dC)c<cmc 
(Scm-VmM) 
0.73 
0.73 
0.73 
0.72 
0.71 
0.71 
0.70 
0.74 
0.59 
0.59 
0.73 
1.0 
0.74 
0.71 
0.73 
0.70 
0.75 
0.71 
0.63 
0.54 
S2(=dK/dC)ocmc 
(Scm"VmM) 
0.26 
0.28 
0.31 
0.32 
0.32 
0.33 
0.33 
0.37 
0.36 
0.39 
0.26 
0.36 
0.43 
0.46 
0.52 
0.52 
0.59 
0.54 
0.56 
0.49 
a 
0.36 
0.38 
0.42 
0.44 
0.45 
0.46 
0.47 
0.5 
0.61 
0.66 
0.36 
0.36 
0.58 
0.65 
0.71 
0.74 
0.79 
0.76 
0.89 
0.91 
a^ >V^ 
Table 3.5- Slopes of specific conductance -[SDS] plots in water (or water + 
additive) below (Si) and above (S2) the cmc and degree of 
counterion dissociation (o^ 
[Additive] 
(M) 
TU 
0 
0.05 
0.1 
0.15 
0.2 
0.3 
TMTU 
0 
0.025 
0.05 
0.15 
0.2 
0.25 
0.3 
S|(-dK/dC)c<cmc 
(Scm-VmM) 
0.73 
0.78 
0.77 
0.75 
0.77 
0.75 
0.73 
0.76 
0.75 
0.75 
0.71 
0.71 
0.72 
S2(=dK/dC)ocn,c 
(Scm-VmM) 
0.26 
0.29 
0.29 
0.33 
0.28 
0.27 
0.26 
0.35 
0.43 
0.52 
0.58 
0.59 
0.66 
a 
0.36 
0.37 
0.38 
0.44 
0.36 
0.36 
0.36 
0.46 
0.57 
0.69 
0.82 
0.84 
0.92 
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Table 3.6- Slopes of specific conductance -[CTAB] plots in water (or 
water + additive) below (Si) and above (S2) the cmc and degree 
of counterion dissociation (a). 
[Additive] 
(M) 
U 
0 
0.05 
0.1 
0.2 
0.25 
0.3 
0.4 
0.6 
1.0 
MMU 
0 
0.1 
0.15 
0.2 
0.3 
0.4 
0.6 
1.0 
S,(=dK/dC)c<a„c 
(Scm'VmM) 
1.10 
1.00 
1.10 
0.93 
0.90 
0.87 
1.10 
0.81 
0.94 
1.10 
0.99 
0.98 
1.10 
0.84 
0.97 
0.88 
1.00 
S2(=dK/dC)c>cmc 
(Scm-VmM) 
0.58 
0.42 
0.34 
0.32 
0.47 
0.36 
0.34 
0.25 
0.34 
0.58 
0.31 
0.42 
0.32 
0.36 
0.31 
0.28 
0.31 
a 
0.53 
0.42 
0.31 
0.34 
0.52 
0.41 
0.31 
0.31 
0.36 
0.53 
0.31 
0.43 
0.29 
0.43 
0.32 
0.32 
0.31 
s 
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Table 3.7 - Slopes of specific conductance -[CTAB] plots in water (or 
water + additive) below (SO and above (S2) the cmc and degree 
of counterion dissociation (or). 
[Additive] 
(M) 
DMU 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.4 
0.6 
TMU 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.4 
0.6 
Si(=dK/dC)c<cmc 
(Scm-'/mM) 
1.10 
1.10 
0.99 
0.85 
0.91 
0.99 
0.95 
0.90 
1.10 
1.20 
1.20 
0.94 
0.88 
1.10 
0.97 
0.86 
0.88 
S2(=dK/dC)ocmc 
(Scm'VmM) 
0.58 
0.34 
0.37 
0.34 
0.36 
0.31 
0.33 
0.29 
0.58 
0.34 
0.37 
0.38 
0.57 
0.51 
0.49 
0.57 
0.51 
a 
0.53 
0.31 
0.37 
0.40 
0.39 
0.31 
0.35 
0.32 
0.53 
0.28 
0.31 
0.38 
0.65 
0.46 
0.50 
0.66 
0.58 
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Table 3.8- Slopes of specific conductance -[CTAB] plots in water (or 
water + additive) below (Sj) and above (S2) the cmc and degree 
of counterion dissociation (a). 
[Additive] 
(M) 
TU 
0 
0.05 
0.10 
0.2 
0.3 
TMTU 
0 
0.05 
O.IO 
0.15 
0.2 
0.25 
0.3 
Si(=dK/dC)c<cmc 
(Scm-VmM) 
1.10 
0.98 
1.10 
0.97 
1.0 
1.10 
1.10 
0.98 
1.10 
0.85 
1.00 
0.92 
S2(=dK/dC)ocmc 
(Scm'VmM) 
0.58 
0.47 
0.43 
0.35 
0.41 
0.58 
0.51 
0.49 
0.69 
0.57 
0.75 
0.82 
a 
0.53 
0.45 
0.39 
0.36 
0.41 
0.53 
0.46 
0.50 
0.63 
0.67 
0.75 
0.89 
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Fig.3.1 - Specific conductance {k) vs. concentration of SDS in water 
containing different [urea]. 
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Fig.3.2 - Specific conductance (k) vs. concentration of CTAB in water 
containing different [urea]. 
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Fig.3.4 - Variation of cmc of CTAB at 30 °C with the addition of 
different members of urea family 
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Table 3.9 - SANS data for 0.3 M SDS + 0.2 M Bu4NBr system in presence 
of urea and thiourea at 30 ''C. 
[Additive] (M) 
No additive 
0. 25 (U) 
0.50 (U) 
0.25 (TU) 
ns 
111 
189 
184 
200 
P 
0.13 
0.14 
0.14 
0.11 
«(A) 
16.7 
16.7 
16.7 
16.7 
h{k) 
80.44 
85.79 
83.50 
90.73 
60 
E 
a 
Fig.3.5 - SANS distribution from 0.3 M SDS + 0.2 M BojNBr with ( • ) 
and without (O) 0.5 M urea at 30 °C. The solid lines are 
theoretical fits, and the marks ( # , 0 ) are experimental data 
points. 
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E 
a 
•D 
14-, 
12-
10-
8 -
6-
4 -
2 -
0 -
0.00 0.05 0.10 0.15 
Q(A") 
0.20 0.25 
Fig.3.6 - SANS distribution from 0.3 M SDS + 0.2 M Bu4NBr with ( • ) 
and without (O) 0.25 M thiourea at 30 °C. The soUd Hnes are 
theoretical fits, and the marks ( • , 0 ) are experimental data 
points. 
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Table 3.10 - Variation of relative viscosity (t/,) with added [/t-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M urea system at 30 *C. 
[«-pentanol] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.045 
0.05 
0.055 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.15 
0.16 
0.18 
2.0 
x-0 
1.05 
-
1.06 
1.06 
1.06 
1.07 
1.07 
1.07 
1.08 
-
1.08 
1.09 
1.09 
1.10 
l . l l 
1.13 
1.15 
1.17 
1.19 
1.20 
1.26 
-
-
1.30 
0.05 
1.03 
-
1.03 
1.04 
1.04 
1.04 
1.04 
-
1.06 
1.08 
1.16 
-
1.11 
1.13 
-
1.18 
-
1.23 
-
1.28 
1.33 
-
-
-
0.1 
1.06 
1.07 
1.07 
1.07 
1.07 
1.08 
1.08 
1.09 
1.09 
1.10 
1.11 
1.13 
1.13 
1.16 
1.18 
1.20 
1.23 
1.24 
-
1.27 
1.36 
nr 
0.2 
1.06 
1.07 
1.07 
1.07 
1.07 
1.08 
1.08 
1.09 
1.09 
1.10 
1.10 
1.11 
1.12 
1.14 
1.16 
1.18 
1.20 
1.22 
-
1.26 
1.30 
-
-
-
0.3 
1.07 
-
1.07 
1.07 
1.07 
1.07 
1.08 
1.08 
-
1.08 
1.09 
1.09 
1.09 
1.10 
1.11 
. 1.11 
1.12 
1.13 
-
1.15 
1.18 
-
1.20 
1.21 
0.5 
1.15 
1.07 
1.07 
-
1.08 
-
1.08 
-
1.08 
-
1.09 
-
1.10 
-
1.10 
1.10 
1.10 
1.11 
1.11 
1.12 
1.13 
1.30 
1.16 
1.18 
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Table -3.11- Variation of relative viscosity (J/,) with added [/i-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M monometylurea 
system at 25 °C. 
[«-pentanol] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.045 
0.05 
0.055 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.15 
x=0 
1.11 
1.10 
1.11 
1.11 
1.11 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.14 
1.15 
1.15 
1.16 
1.17 
1.17 
1.18 
1.21 
0.05 
1.11 
-
1.11 
1.11 
1.13 
1.13 
1.14 
1.14 
1.16 
-
1.20 
-
1.22 
1.27 
1.32 
1.37 
-
1.46 
-
1.50 
1.55 
0.1 
1.13 
1.13 
1.13 
1.13 
1.14 
1.14 
1.15 
1.16 
1.17 
-
1.19 
-
1.21 
1.25 
-
1.29 
-
1.35 
-
1.40 
1.45 
fir 
0.15 
1.16 
1.16 
1.16 
1.16 
1.16 
1.17 
1.17 
1.16 
1.19 
-
1.21 
1.22 
1.22 
1.24 
1.26 
1.28 
1.30 
1.31 
-
1.36 
1.39 
0.2 
1.16 
1.14 
1.14 
1.14 
1.14 
1.14 
1.141 
1.15 
1.15 
-
1.17 
-
1.18 
1.21 
-
1.24 
-
1.29 
-
1.35 
1.39 
0.5 
1.17 
-
1.17 
-
1.17 
-
1.18 
-
1.18 
-
1.19 
-
1.20 
1.21 
-
1.21 
-
1.23 
-
1.26 
1.28 
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Table 3.12- Variation of relative viscosity (ay,) with added [n-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCI + x M dimetylurea system at 
25 "C. 
[«-pentanol] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.045 
0.05 
0.055 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.15 
0.17 
0.19 
0.21 
0.23 
0.25 
x=0 
1.11 
1.10 
1.11 
1.11 
1.11 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.14 
1.15 
1.15 
1.16 
1.17 
1.17 
1.18 
1.21 
-
-
-
-
-
0.05 
1.11 
1.11 
1.11 
-
1.12 
1.12 
1.13 
1.13 
1.14 
1.15 
1.15 
-
1.18 
1.21 
1.24 
1.28 
1.31 
1.39 
-
1.42 
1.49 
-
-
-
-
-
0.1 
1.12 
1.12 
1.12 
-
1.13 
-
1.13 
1.14 
1.15 
1.16 
1.16 
-
1.18 
1.19 
-
1.23 
-
1.27 
~ 
1.31 
1.35 
-
-
-
-
-
Ir 
0.15 
1.13 
1.14 
1.14 
1.14 
1.14 
1.14 
1.15 
1.15 
1.16 
-
1.16 
-
1.18 
1.19 
1.21 
1.22 
-
1.27 
-
1.32 
1.35 
-
-
-
-
-
0.2 
1.15 
1.15 
1.15 
1.15 
1.16 
1.16 
1.16 
1.17 
1.17 
1.17 
1.18 
-
1.18 
1.19 
-
1.22 
-
1.23 
-
1.25 
1.27 
-
-
-
-
-
0.5 
1.25 
-
1.25 
-
1.26 
-
1.26 
-
1.27 
-
1.27 
-
1.27 
1.28 
-
1.29 
-
1.29 
-
1.30 
1.31 
1.32 
1.33 
1.34 
1.35 
1.37 
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Table 3.13 - Variation of relative viscosity (jy,) with added [n-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCI + x M tetramethylurea 
system at 25 °C. 
[/7-pentanol] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.045 
0.05 
0.055 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.15 
0.16 
0.18 
2.0 
x=0 
1.10 
1.10 
1.10 
1.11 
1.11 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.14 
1.15 
1.15 
1.16 
1.17 
1.17 
1.18 
1.21 
-
-
-
0.05 
1.11 
1.12 
1.12 
1.12 
1.12 
-
1.13 
• -
1.14 
-
1.16 
-
-
1.19 
-
1.22 
-
.1.25 
-
1.28 
1.32 
-
-
-
0.1 
1.13 
1.13 
1.13 
1.13 
1.14 
1.14 
1.14 
1.15 
1.15 
-
1.15 
-
1.17 
1.17 
-
1.19 
-
1.20 
-
1.23 
1.25 
nr 
0.15 
1.15 
-
1.15 
1.15 
1.15 
1.16 
1.16 
-
1.16 
-
1.17 
-
1.18 
1.19 
-
1.19 
-
1.21 
-
1.22 
1.24 
-
-
-
0.2 
1.16 
-
1.16 
-
1.16 
1.16 
1.17 
1.17 
1.17 
-
1.18 
1.18 
1.19 
1.20 
1.20 
-
1.22 
-
1.22 
1.24 
1.25 
1.26 
1.27 
-
0.3 
1.15 
1.15 
1.16 
-
1.16 
-
1.17 
-
1.17 
-
1.74 
-
1.18 
1.18 
1.19 
1.19 
-
1.20 
-
1.21 
1.22 
1.25 
1.28 
1.31 
66 
Table 3.14- Variation of relative viscosity (i/,) with added [n-pentanol] in 
3.5% (wA^ ) SDS + 0.28 M NaCI + x M thiourea system at 25 
"C. 
[«-pentanol] 
(M) x=0 0.05 0.1 0.15 0.2 0.5 
0 
0.005 
0.01 
0.015 
0.02 
0.t)25 
0.03 
0.035 
0.04 
0.045 
0.05 
0.055 
0.06 
0.07 
0.08 
0.09 
0.1 
O.ll 
0.12 
0.13 
0.15 
0.19 
0.23 
1.10 
1.10 
1.11 
1.11 
1.11 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.13 
1.13 
1.14 
4.15 
1.15 
1.16 
1.17 
1.17 
1.18 
1.21 
-
-
1.09 
1.09 
1.1 
1.1 
1.11 
-
1.13 
-
1.14 
-
1.17 
-
-
1.33 
-
1.38 
-
1.43 
-
1.47 
1.51 
-
-
1.10 
-
1.10 
-
1.14 
-
1.14 
-
1.14 
-
1.16 
-
-
1.23 
-
1.29 
-
-
-
1.42 
1.48 
-
-
1.11 
-
1.11 
1.11 
1.11 
1.12 
1.12 
1.12 
1.14 
-
1.15 
-
1.18 
1.19 
-
1.26 
-
1.31 
-
1.36 
1.41 
-
-
1.11 
1.12 
1.12 
1.12 
1.13 
1.15 
1.15 
1.18 
1.22 
1.2704 
1.39 
1.11 
1.12 
1.13 
1.14 
1.15 
1.16 
1.18 
1.19 
1.21 
1.25 
1.29 
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TabIe-3.15- Variation of relative viscosity (17,) with added [/f-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCI + x M tetrametylthiourea 
system at 25 "C. 
[«-pentanol] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.13 
0.15 
x=0 
1.10 
1.10 
1.11 
1.11 
1.11 
1.11 
1.11 
1.12 
1.12 
1.13 
1.13 
1.14 
1.15 
1.15 
1.16 
1.17 
1.18 
1.21 
0.05 
1.10 
1.10 
1.10 
1.10 
1.11 
1.11 
1.11 
-
1.11 
1.12 
1.13 
1.13 
-
1.15 
-
1.16 
1.17 
1.18 
0.1 
1.14 
1.14 
1.14 
1.15 
1.15 
-
1.15 
-
1.16 
1.17 
-
1.17 
-
1.19 
-
-
1.21 
1.22 
fjr 
0.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.16 
1.16 
1.16 
1.16 
1.17 
1.18 
1.18 
1.19 
1.19 
1.20 
1.21 
1.23 
1.24 
0.2 
1.19 
-
1.19 
1.19 
1.19 
-
1.20 
-
1.20 
1.21 
1.22 
1.23 
-
1.20 
-
1.25 
1.25 
1.28 
0.5 
1.16 
1.16 
1.16 
-
1.16 
1.16 
1.16 
-
1.16 
1.18 
1.18 
1.19 
-
1.20 
-
1.22 
1.24 
1.25 
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Fig.3.7 - Variation of relative viscosity (rjr) with added [/7-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M urea system at 30 °C. 
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Fig.3.8 - Variation of relative viscosity (rjr) v^ ith added [n-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M monomethylurea 
system at 25 °C. 
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Fig.3.9 - Variation of relative viscosity (rjr) with added [«-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M dimethylurea system at 
25 °C. 
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Fig.3.10 - Variation of relative viscosity (rir) with added [//-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M tetramethylurea system 
at 25 °C. 
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Fig.3.11 - Variation of relative viscosity (rj^) with added [w-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M thiourea system at 25 
°C. 
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Fig.3.12 - Variation of relative viscosity (;/;.) with added [«-pentanol] in 
3.5% (w/v) SDS + 0.28 M NaCl + x M tetramethylthiourea 
system at 25 °C. 
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Table 3.16- Variation of [/f-pentanol]s->r witli additive concentrations. 
[Additive] 
(M) 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.5 
U 
0.039 
0.031 
0.035 
0.037 
0.039 
0.050 
0.060 
0.180 
MMU 
0.039 
0.032 
0.029 
0.031 
0.038 
-
-
0.175 
[«-pentanol]s->r (M) 
DMU 
0.039 
0.045 
0.035 
0.037 
0.042 
-
-
0.193 
TMU 
0.039 
0.025 
0.023 
0.020 
0.030 
-
-
-
TU 
0.039 
0.028 
0.035 
0.040 
0.050 
-
-
0.094 
TMTU 
0.039 
0.020 
0.025 
0.029 
0.036 
0.049 
-
-
75 
0.20-
0.15-
o 
I 0.10 
0) Q. 
0.05-
- A ^ MMU 
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Fig.3.13 - Variation of [«-pentanol] needed for sphere-to-rod (s->r) 
transition with [additive] at 30 °C. 
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Table 3.17- Effect of adding urea on the CP of TX-lOO solutions. 
[Urea] 
(M) 
0 
0.01 
0.015 
0.02 
0.05 
0.075 
0.1 
0.2 
0.25 
0.3 
0.4 
[TX-100] = 5mM 
68.0 
67.5 
67.4 
67.4 
67.3 
67.5 
68.1 
68.5 
-
68.9 
69.2 
CP CC) 
10 mM 
67.4 
-
-
67.0 
66.9 
-
67.0 
67.5 
68.0 
67.4 
-
25 mM 
67.0 
66.8 
66.6 
66.6 
66.7 
66.9 
67.4 
67.7 
-
68.3 
69.1 ~" 
-»^"-^'s:> 
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O 
69.5-7 
69.0-
68.5-
68.0-) 
67.5-
67.0-1 ^ 
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- A - 10 
- • - 2 5 
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0.4 
Fig.3.14 - Variation of CP of TX-lOO solutions with the addition of urea: 
O, 5 mM; A, 10 mM; • , 25 mM TX-100. 
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CHapter-II^ 
Clouding Phenomenon for Ionic 
Surfactant + Quaternary Bromide in 
Polar Nonaqueous-Water-Mixed 
Solvents 
Introduction 
Weighing the contributions of specific interactions betwe«i head 
groups, counterions and water in the interfacial regions of self-assemblies of 
surfactant molecules in aqueous solution that balance the hydrophobic effect 
and control the various transitions (e.g., structural and phase) of ionic micelles 
and biomembranes has proved refractory'* .^ Understading the factors that 
control this self-assembly is central to a wide range of applications '^*. Despite 
their much significance, many important features of such self-assemblies have 
resisted theoretical explanation. Temperature is one of the important factors 
that dominates the formation of surfactant self-assemblies and, during the 
recent past, we have focused on several surprising and unexplained features of 
the temperature dependence of aqueous self-assembly of ionic surfactants in 
the presence of symmetrical quartemary bromides^"". 
It is well known that below the Krafft point ionic surfactants could not 
form micelles'^. On the contrary, the aqueous micellar solutions of nonionic 
surfactants exhibit lower consolute temperature, also called cloud point (CP)'''. 
Recent investigations showed that the formation of connected micellar 
network''' or strongly orientation-dependent interactions (H-bonds) between 
water and the surfactant heads'^  could be responsible for the CP behavior. 
Generally, the CP phenomenon would not happen in ionic surfactant systems 
because of the significant electrostatic repulsions between the charged self-
assemblies. However, aqueous solutions of some ionic surfactants did exhibit 
the CP behavior in presence of quaternary bromides having R > C4H9. The 
mechanism of the behavior is still an unexplained and challenging task in 
surfactant research "•'^'^. 
Presently, two schools of thought are available for the appearance of 
clouding in ionic surfactant solutions: one by removal of water by the 
counterions^'^'"'" and another by the geometric constrictions due to micellar 
growth'^'"'^°. The observations suggest the significant roles played by 
temperature and large hydrophobic counterions present in the vicinity of 
micellar head group region. 
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In most of their applications, surfactants with additives, rather than pure, 
are preferred due to synergistic effect. The ingredients commonly present in 
industrial formulations strongly affect clouding behavior of surfactants '^. 
Therefore, it is important to understand the magnitude and nature of such 
additive effects as well as the mechanism involved so that the system can be 
tailored to exhibit clouding behavior at desired temperatures. Whereas 
abundant literature is available of the effects of different additives on the CP 
behavior of nonionic surfactants solutions^ '^^ '^^ '*, that on the ionic surfactants is 
limited^'''' ^°' ^^ "^ '. In case of anionic surfactant + quaternary salt systems, 
effects of nature of counterion, head group as well as nature of additives were 
investigated on the CP behavior''^ '"'^ '" '^'. Clouding as well as micellization in 
nonaqueous polar solvents has, however, attracted less attention as compared to 
the case in water. Such studies can throw light on CP phenomenon from 
"solvophobic" effect point of view as opposed to hydrophobic effect^ ^ The 
term "solvophobic interaction" has been coined to describe aggregation in 
nonaqueous polar solvents, in analogy with 'hydrophobic interactions', 
responsible for association of surfactants in water^ .^ Therefore, it is of genuine 
interest to study the ionic surfactant clouding in polar nonaqueous solvents. 
Such studies may find use in the extraction of compounds through CP 
extraction methodologies^ "^^ .^ 
Earlier studies on sodium dodecyl sulfate (SDS) + tetra-«-
butylammonium bromide (Bu4NBr)^ '^  has helped us to identify various SDS + 
Bu4NBr combinations to see the effects of addition of acetonitrile (AN), 
dimethylsulfoxide (DMSO), methyl cellosolve (MC) and ethylene glycol (EG). 
CP measurements were also performed with SDS + tetra-«-butyIphosphonium 
bromide (Bu4PBr). Few cmc measurements have also been carried out in order 
to support the CP-data. 
Results 
Data of CP variation of 0.1 M SDS + 0.065 M Bu4NBr system with 
added nonaqueous solvents are presented in Table 4.1 and plotted in Fig. 4.1. 
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Table 4.2 contains results for CP variation of x M SDS + 0.05 M Bu4NBr 
system with AN addition. These results are depicted in Fig. 4.2. Effect of AN 
on the CP of 0.1 M SDS + x M Bu4NBr is given in Table 4.3 and shovra in Fig. 
4.3. CP variation of x M SDS + y M salt with the addition of AN is given in 
Table 4.4 and Fig. 4.4 for Bu4NBr and Table 4.5 and Fig. 4.5 for Bu4PBr. Table 
4.6 contains the cmc values for the solvents used at low volume percents. 
Discussion 
Clouding in SDS + BUiNBr System 
It is well known that the micellar head group region is associated with a 
certain amount of water of hydration '^"'*". Further, in ionic micellar solutions 
the counterion condensation plays very important role to decide the effective 
charge on the micelle and hence its formation, structure, and mutual 
interaction. Pure SDS solution does not show any clouding but presence of 
Bu4NBr in the system is responsible for the clouding phenomenon (Fig. 4.1). 
The Bu4N'^  consists of four butyl chains in addition to the positive charge on 
the nitrogen atom. Hence the ion can interest with SDS micellar surface 
electrostatically as well as hydrophobically. In the present context, the butyl 
chains of BujN"^  may get embedded between monomers of the SDS micelle. As 
geometric constraint makes it difficult for all the four butyl chains to penetrate 
into the micelle core, two directions may be chosen for bending the butyl 
chains: one towards the water phase and the other towards the micellar 
j.Qj.g7,ii,i9,4i yj^ g \y\x\y\ chains towards the water phase may have the chance to 
interact with butyl chains of other counterions attached to other micelles. 
Consequently, micelles may experience closer contact, which may assist in 
replacing water of hydration from the head group region. Thus, the removal of 
water is attributed to the cloudiness of the SDS + Bu4NBr system". On the 
basis of the studies of CP variation with [SDS] or with [Bu4NBr] '^', we have 
chosen 0.1 M SDS + 0.065 M Bu4NBr system to study the effect of various 
volume percents of nonaqueous solvents on the CP (in mixed solvents). 
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Clouding in SDS + Bu^NBr System in Mixed Solvents 
Fig. 4.1 shows the variation of CP with volume percent of nonaqueous 
solvents present with water. A well defined minimum can be seen in all cases 
followed by an increase in CP at slightly higher volume percentages of the 
nonaqueous solvents. Before the minimum (Fig. 4.1), the rate of decrease in CP 
with volume percent is different for different solvents. The decrease in CP 
seems to be dependent on the accumulation of the solvent at micelle-water 
interface. Due to this accumulation some of the water of hydration is replaced 
by the nonaqueous solvent. This results in a less hydrated micelle which, 
therefore, requires lower temperature to show clouding. This indeed is 
observed. The effect of addition of nonaqueous solvents depends on how they 
change the water structure and micelle structure" .^ Although each solvent 
prepones the clouding (before the minimum), the reasons are quite different. In 
the case of MC, the interaction consists of the destruction of the H-bonding of 
original water near micellar head group region and formation of new H-bonds 
between water and MC with a simultaneous depletion of micelle hydration and 
decrease in CP. The CP preponement in presence of AN can also be understood 
in terms of the formation of H-bonds between water and AN. However, AN 
shows more gradual decrease in CP than MC (Fig. 4.1). This may be due to the 
fact that MC has higher molar volume (Table 4.7) than AN and, therefore, 
could be more efficient in removing water from the head group region. It has 
been reported that EG alone or mixed with water stabilizes proteins against 
denaturation (increased hydrophobic interactions)'*"''''''. The clouding 
phenomenon in the present case is also facilitated by EG addition before the 
minimum and hence CP variation can be understood in the light of above 
discussion. In an independent study, Singh et. al.''^  concluded that the cmc 
decreases for the same surfactant according to the increase of the dielectric 
constant of the medium. The DMSO addition behavior is similar to that of 
other solvents before minimum although DMSO is known to form 
stoichiometric hydrates with water''^ . The content of DMSO in the system 
below minimum is low and one can expect that hydrate formation at such low 
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content would also be little. Hie removal of water from micelle head group 
region seems dominant and responsible for CP decrease (Fig. 4.1), Above the 
minimum all the solvents cause on increase in CP which is due to the effect of 
nonaqueous polar solvents on water structure which can be understood on the 
basis of reasoning advanced to explain cmc data^ '^^ '^ '. Based on the data 
shown in Fig. 4.1, we have chosen AN for further study because it provides 
gradual variation of CP upto a higher volume percent below the minimum. 
Fig. 4.2 shows the variation of CP with volume percent of AN for 
X M SDS + 0.05 M Bu4NBr system. From the perusal of CP data it is clear that 
as we increase [SDS] in the system the CP decreasing/increasing effect is more 
pronounced. Since addition of nonaqueous polar solvents affects the water as 
well as micelle structures, it is expected that the surfactant content in the 
overall system would affect the interaction with AN and so the CP. At low 
concentrations of SDS, BotNBr content is comparatively higher. As [Bu4NBr] 
affects CP significantly''", the effect of AN content in the system seems less 
important. 
To prove the above point we have performed CP measurements with 
varying volume percents of AN in systems containing different fixed 
concentrations of BojNBr (Fig. 4.3). The CP decreasing effect of AN is present 
upto higher volume percent for systems containing more BajNBr. This 
suggests that in presence of higher [BojNBr] one can expect more Bu4N'^  
counterions near the micellar surface. As discussed above, more number of 
BU4N* would replace more hydrated water. Thus, less hydrated water would 
now be available to interact with AN. Hence more AN will accumulate at the 
interface which is responsible for CP decrease. 
Fig. 4.4 shows the variation of CP with volume percent of AN for 
systems in which both SDS and Bo^NBr were increased while molar ratio 
(SDS/ Bu4NBr) was kept almost constant. The data show that these systems 
with higher contents of SDS and Bu4NBr show CP decrease at highar volume 
percents of AN. It can be understood by the fact that if we have more SDS, 
more number of micelles would be formed with total content of bound hydrated 
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water being higher. If it is so, higher AN is needed to interact with this bound 
water and hence the CP decrease is expected to continue upto higher AN 
content (i.e., the minimum would shift progressively to higher AN content). 
This is what we observe in Fig. 4.4. 
Similar experiments of CP measurements were also performed with 
SDS + BojPBr system (Fig. 4.5). The increase in both SDS and Bu4PBr 
contents has produced CP decrease with the volume percent of AN. Unlike 
Fig. 4.4, no minima were observed, but the trend of higher content requirement 
of AN is clearly indicated if we consider the break points of nearly two straight 
lines for lower and higher AN contents. This difference in presence of Bu^PBr 
(compared to Bu4NBr) may be due to the difference in sizes of Bu4P"^  and 
Bu4N .^ It was reported earlier also that a lower amount of Bu4PBr is needed to 
observe clouding in comparison to Bu4NBr^ . The concentration ranges of the 
two sets of CP measurement (Figs. 4.4 and 4.5) are also different which do not 
allow to extract any meaningful conclusion. But it is clear that once the 
micellar head group region is crowded by quaternary counterions then the 
effect of a nonaqueous solvent to decrease CP is important because now less 
water remains there which allows more solvent to accumulate at the micellar 
interface. The cmc data for all the solvents at low volume percents are given in 
Table 4.6. The micelles formed in nonaqueous solvents (or mixed solvents with 
water) are similar in many respects to the micelles that are formed in water, 
although, micelle formation is not as favored in such solvents as in water for a 
given surfactant'**'''^ . But cmc data of Table 4.6 are obtained at comparatively 
much lower volume percents to get insight into the CP behavior of the present 
systems before the minimum (Fig. 4.1). It is surprising to see that CP decrease 
runs almost parallel to the cmc decrease in presence of lower volume percents 
of the different solvents. This seems a very important result which hints 
towards a modification of hydrophobic interactions at such low volume 
percentages. Later, at higher solvent contents, their effect on water structure 
predominates and a regular cmc/CP increase is observed^ '^''*' . 
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In conclusion, we can say that the clouding in ionic surfactant solutions 
can be facilitated to certain volume percents of polar nonaqueous solvents 
(mixed with water) which are reported to postpone micellization. Our limited 
cmc data also suggest that a new kind of behavior is expected if the 
micellization would be studied in low contents of the above solvents. One can 
expect unconventional results at low volume percent as were observed earlier 
in case of low urea content. 
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Table 4.1- Cloud point (CP) variation in the system 0.1 M SDS + 0.065 
M Bu4NBr with nonaqueous solvents. 
% solvent 
(v/v) 
0 
0.025 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.36 
0.50 
0.75 
1.00 
1.25 
1.50 
2.00 
2.50 
3.00 
AN 
78.0 
-
-
-
76.0 
-
74.5 
-
73.5 
-
72.5 
73.0 
74.5 
75.5 
75.5 
76.0 
76.0 
76.0 
DMSO 
78.0 
76.5 
75.5 
75.0 
75.0 
75.5 
76.0 
-
76.5 
-
76.5 
-
76.5 
76.5 
77.0 
78.0 
79.0 
80.0 
CPCQ 
EG 
78.0 
74.0 
33.5 
74.5 
75.0 
-
75.0 
-
-
75.0 
-
75.0 
-
75.5 
76.0 
-
76.0 
MC 
78.0 
73.0 
72.0 
-
72.5 
-
73.0 
-
-
75.0 
76.5 
76.5 
76.5 
-
77.0 
77.0 
77.0 
77.0 
89 
80-
79-
P 76-
Q. 
O 
- o - E G 
- • -DMSO 
- o - M C 
- A - A N 
0.0 0.5 
—r-
1.5 
T 
1.0 .  2.0 
Solvent % (v/v) 
— I — 
2.5 3.0 
Fig. 4.1 - Cloud point (°C) variation in the system 0.1 M SDS + 0.065 M 
BoiNBr with nonaqueous solvents. 
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Table 4.2 - Cloud point (CP) variation in the system x M SDS + 0.065 M 
Bu4NBrwithAN. 
% AN (v/v) 
0 
0.1 
0.15 
0.2 
0.25 
0.35 
0.5 
0.75 
1.00 
1.25 
1.5 
2.00 
2.5 
3.00 
4.00 
5.00 
x=0.11M 
98.5 
-
97.0 
-
94.5 
93.5 
93.0 
95.0 
96.0 
97.0 
97.5 
98.0 
98.0 
98.5 
> 100.0 
> 100.0 
0.1 OM 
78.0 
-
76.0 
-
74.5 
73.5 
. 72.5 
73.0 
74.5 
75.5 
75.5 
76.0 
76.0 
76.0 
-
-
CPCQ 
0.09M 
61.5 
-
60.5 
-
60.0 
-
59.5 
60.0 
60.5 
-
60.5 
59.5 
-
59.5 
-
-
0.085M 
57.5 
56.5 
56.0 
55.5 
55.0 
55.5 
55.5 
56.0 
56.5 
-
56.5 
56.5 
-
56.5 
-
-
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100 
90 -
8 0 -
O 
o 
CL 
U 7 0 -
6 0 -
50 
• -0.11 MSDS 
• -0.10 MSDS 
o - 0.09 M SDS 
T - 0.085 M SDS 
\ 1 1 1 r-
0.0 0.5 1.0 1.5 2.0 2.5 
Solvent % (v/v) 
I 
3.0 
Fig. 4.2 - Cloud point (°C) variation in the system x M SDS + 0.065 M 
Bu4NBr with acetonitrile. 
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Table 4.3- Cloud point (CP) variation in the system 0.10 M SDS + y M 
Bu4NBrwithAN. 
%AN 
0 
0.025 
0.05 
0.1 
0.15 
0.25 
0.35 
0.5 
0.75 
1.0 
1.25 
1.5 
2.0 
2.5 
3.0 
4.0 
5.0 
7.5 
10.0 
y=0.065 
78.0 
-
-
-
76.0 
74.5 
73.5 
72.5 
73.0 
74.5 
75.0 
75.5 
75.5 
76.0 
76.0 
-
-
-
-
0.070 
73.0 
-
-
-
-
72.5 
-
72.0 
72.0 
71.5 
-
71.0 
70.0 
-
69.0 
68.0 
67.0 
63.5 
61.5 
CP ("C) 
0.075 
60.0 
59.5 
59.0 
58.5 
58.5 
58.0 
-
57.5 
57.5 
57.5 
-
57.0 
56.5 
-
55.5 
55.0 
54.0 
51.0 
48.0 
0.080 
52.5 
-
-
-
-
52.0 
-
52.0 
51.5 
51.0 
-
50.0 
49.5 
-
49.0 
47.5 
46.5 
44.0 
41.5 
93 
80 
70-
O 
o 
O 60 
^"^---e e -< 
50-
0 2 
- • - 0 . 0 6 5 MBu^NBr 
-A - 0.070 M Bu^NBr 
- o - 0.075 M Bu^NBr 
- • - 0.080 M Bu.NBr 
4 
1^ 
3 4 
Solvent % (v/v) 
Fig. 4.3 Cloud point (°C) variation in the system 0.10 M SDS + y M 
Bu4NBr with acetonitrile. 
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Table 4.4 - Cloud Point (CP) variation in the system x M SDS + y M 
Bu4NBrwithAN. 
% AN (v/v) 
0 
0.1 
0.15 
0.25 
0.35 
0.5 
0.75 
1.0 
1.25 
1.5 
2.0 
2.5 
3.0 
4.0 
5.0 
x=0.05, y=0.0325 
84.5 
-
83.0 
82.0 
81.5 
81.0 
81.5 
82.5 
-
82.5 
82.5 
-
82.0 
82.5 
83.5 
CP (°C) 
0.10,0.065 
78.0 
-
76.0 
74.5 
73.5 
72.5 
73.0 
74.5 
75.5 
75.5 
76.0 
76.0 
76.0 
-
-
0.15,0.10 
66.5 
55.5 
55.0 
54.0 
53.5 
53.5 
51.5 
51.0 
54.5 
55.0 
55.5 
55.5 
56.0 
56.0 
55.0 
95 
85 
80-
75-
70-
O 
O 65-1 
60-
55-
50 
• - 0.05 M SDS + 0.0325 M Bu^NBr 
• - 0.10 M SDS + 0.065 M Bu^NBr 
A - 0.15 M SDS+ 0.1 MBu NBr 
T 
2 3 4 5 
Solvent % (v/v) 
Fig. 4.4 - Cloud point (°C) variation in the system x M SDS + y M 
Bu4NBr with acetonitrile. 
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Table 4.5- Cloud point (CP) variation in the system x M SDS + y M 
Bu4PBr with AN. 
% AN (v/v) 
0 
0.15 
0.25 
0.35 
0.50 
0.75 
1.0 
1.5 
2.0 
2.5 
3.0 
4.0 
5.0 
x=0.05, y=0.035 
47.0 
46.5 
46.0 
-
46.0 
45.5 
45.0 
44.0 
43.5 
43.0 
41.5 
40.5 
39.5 
CP CC) 
0.10, 
42.5 
41.5 
41.0 
-
40.5 
-
39.0 
38.5 
37.5 
-
37.0 
36.5 
36.0 
0.065 0.15,0.075 
88.0 
87.5 
87.0 
87.0 
86.5 
86.0 
85.5 
85.0 
84.5 
-
84.0 
-
83.0 
97 
90-T 
80-
70-
O 
o 
QT 60-1 
O 
50-
40 -
- • -
- • -
- A -
- 0.05 M SDS + 0.035 M Bu^PBr 
- 0.10 M SDS + 0.065 M Bu^PBr 
- 0.15 M SDS + 0.075 M Bu^PBr 
"1 1 
2 3 
Solvent %(v/v) 
-r 
4 
Fig. 4.5 - Cloud point (°C) variation in the system x M SDS + y M 
Bu4PBr with acetonitrile. 
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Table 4.6- cmc and a values of SDS in water + nonaqueous solvents 
determined by conductometry. 
Solvent 
Acetonitrile 
Dimethylsulfoxide 
Methyl cellosolve 
Ethylene glycol 
% Solvent 
(v/v) 
0 
0.25 
0.5 
1.0 
3.0 
0 
0.1 
0.5 
3.0 
0 
0.05 
0 
0.05 
cmc 
(mM) 
8.1 
7.7 
7.4 
7.6 
7.9 
8.1 
7.8 
7.9 
8.4 
8.1 
7.6 
8.1 
7.7 
a 
0.36 
0.39 
0.38 
0.42 
0.46 
0.36 
0.38 
0.40 
0.41 
0.36 
0.40 
0.36 
0.40 
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Table 4.7 - Dielectric constant of pure solvents so 
Solvent Mol. Wt. Density Molar Vol. Dielectric 
(gm/cm^) (dm/mol) Constant 
Acetonitrile 41.05 0.786 52.49 39 
Methyl cellosolve 76.10 0.963 78.94 35 
Dimethyl sulfoxide 78.13 1.099 71.06 45 
Ethylene glycol 62.07 1.109 55.76 32 
100 
Cfiapter-%^ 
Additive Induced Association in 
Unconventional Systems: a Case of 
Hydrotrope 
Introduction 
The word hydrotropy was first used by Neuberg'. This term is used to 
describe the phenomenon of increasing the aqueous solubility of otherwise 
sparingly soluble organic compounds in solution of certain organic salts . 
These salts, called hydrotropes, include sodium, potassium, calcium and 
ammonium salts of aromatic acids or phenols. McKee"' concluded that a rather 
high content of hydrotrope in water is required to for its action to be displayed 
and the phenomenon is similar to the salting-in process. Booth and Everson"* 
showed that the solubility increase does not occur monotonically with 
hydrotrope concentration, but displays a sigmoidal character. Furthermore, 
hydrotrope aggregation is responsible for the increase in aqueous solubility that 
occurs beyond a certain hydrotrope concentration which is termed as the 
minimum hydrotrope concentration (MHC), analogous to the critical micelle 
concentration (cmc) for a surfactant^ . Reviews are now available detailing the 
progress in hydrotrope research '^". 
The aqueous solubility of surfactants is limited by the formation of a 
liquid crystalline phase, which can be destabilized in the presence of a typical 
hydrotrope. The enhanced disorder resuhing from the residence of the 
hydrotrope in the association structure of the condensed phase brings about 
morphological changes from liquid crystal to oil-in-water and bicontinuous 
regions' '''^. Guo et al." observed that the addition of vitamin C (a hydrotrope) to 
a cetyltrimethylammonium bromide//7-pentanol//7-xylene/water system caused 
the area of micellar and inverse micellar regions to increase and ultimately 
coalesce, whereas the liquid crystalline region shrank. 
Many attempts have been made regularly to compare hydrotropes with 
conventional surfactants over the past 45 years'^ "'^ . Danielsson and Stenius'^  
observed the aggregation behavior of sodium carboxylates and reported that 
octanoate and higher members form micelles whereas lower ones form 
hydrotropes. Firman et al.'* concluded that a clear distinction between a simple 
hydrotropic salt and a conventional surfactant is difficult to make. In most 
cases, hydrotropes have a strong ionic group and relatively smaller 
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hydrocarbon/nonpolar group as compared with surfactants. Hydrotropes are 
therefore surface active and aggregate in aqueous solutions because of their 
amphiphilic structural features. The use of hydrotropes in industrial 
applications is particularly attractive because of easy recovery of the solute and 
high selectivity. At the same time, problem with emulsification, which is 
normally encountered with conventional surfactants, are not faced with the 
hydrotropes". These facts suggest that hydrotropes are fairly attractive systems 
with some features in common with and some differences from surfactants. 
Further, they can be regarded as amphiphilic with less hydrophobic character 
than the common surfactants, something akin to the bile sahs . Bile salts are 
peculiar amphiphiles that, in aqueous environments, aggregate step by step: in 
molecular dimers, small micelles, elongated structures and liquid crystals ' . 
Additives influence both the thermodynamic process and the kinetic 
mechanism of aggregation^ '^^ ''. 
Despite the usefulness of the hydrotropes in various applications , 
considerably less attention has been paid to understanding the aggregation 
behavior of hydrotropic compounds '^'^ . This feature, and the fact that the MHC 
needed for hydrotropic action is high, suggest that hydrotropes with lower 
MHC would result in more useful hydrotrope system. This can be achieved 
either by designing new hydrotropes (molecular architecture) or by fmding 
additives that can lower the MHC of conventional hydrotropes. We have taken 
the latter approach by studying the effect of additives on the aggregation 
behavior of sodium salicylate (NaSal), a conventional hydrotrope\ using 
conductivity and surface tension measurements. The cmc depression of 
surfactants by additives^ '^^ ^ prompted us to investigate whether similar effects 
occurred with hydrotropes. For comparison, parallel conductivity 
measurements have been made with the surfactant sodium dodecyl sulfate 
(SDS) and sodium bromide solutions. 
Results 
Results of variation of molar conductance (A) with the square root of the 
molar concentration (c'^) of different salts, i.e:, SDS, NaSal and NaBr, are 
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presented in Table 5.1 and are plotted in Fig. 5.1. Variation of A of NaBr with 
c''^ in presence of urea and Bu4NBr is given in Table 5.2. The results are 
shown in Fig. 5.2. Table 5.3 and Fig. 5.3 present similar results for NaSal in 
presence of NaBr and Bu4NBr. Tables 5.4-5.7 contain the results of A variation 
with square root of NaSal concentration in presence of different fixed alkanol 
concentrations. Figs. 5.4-5.7 show these results. Variation of A with c of 
NaSal at different fixed concentrations of U/TU are presented in Tables 5.8/5.9 
and Figs. 5.8/5.9. Table 5.10 contains the values of MHC of NaSal on addition 
of fixed concentrations of U and TU. Results are depicted in Fig. 5.10. UV-vis 
spectra for riboflavin in presence and absence of different fixed concentrations 
of additives are ploted in Figs. 5.11-5.14. Table 5.11 contains the variation of 
surface tension of NaSal in water with and without additives. Fig. 5.15 shows 
the results. The MHC values of NaSal in the presence of additives determined 
by conductivity and surface tension measurement are given in Table 5.12. 
Discussion 
Conductivity measurements have been used regularly to study 
aggregation phenomenon in amphiphilic solutions^ °'^ '^^ *. Plots of molar 
conductance (A) vs. the square root of the molar concentration (c) of different 
salts (SDS, NaSal, NaBr) are presented in Fig. 5.1. The data suggests that the 
behavior of NaSal reflects neither to normal uni-univalent electrolyte (NaBr) 
nor a classical micellar system (SDS). For SDS, there is a decrease in the A, a 
shallow minimum, a maximum, and then a fiirther fall as SDS concentration 
increases. Others have observed a similar trend °^'^ .^ Contrary to this, a sharp 
decrease followed by a weak maximum and then a regular fall in A was 
observed for NaSal. This tendency shows that weak association takes place in 
the case of NaSal. Sesta et al.^ ° have explained the self-association of bile salts 
on the basis of the noncritical multimer concentration, which is a stepwise 
aggregation phenomenon. Here, the behavior of NaSal is similar to that of work 
and can also be explained on similar lines. 
103 
Fig. 5.2 shows the variation of A of NaBr solutions in the presence and 
absence of urea/ButNBr. No aggregation tendency is present in the systems 
with NaBr, NaBr + urea, or NaBr + BujNBr. This observation suggests that 
aggregation tendencies are not caused by the addition of foreign materials; 
additives can only enhance or decrease such tendencies in amphiphilic systems. 
Fig. 5.3 shows the effect of two types of salts, inorganic NaBr and 
quaternary ammonium Bu4NBr, on the association tendency of NaSal. It is 
clear from the Figure that salts (0.05 M) cause well-defined maxima at lower 
[NaSal], indicating increased association in NaSal caused by the presence of 
salts. A similar effect of salts in decreasing cmc of ionic surfactants is well 
documented in the literature '^" '^. The increased association of NaSal in the 
presence of salts may thus be due to screening action of salts (counterions), 
which lowers repulsive forces between the polar head groups. The increased 
association tendency in presence of Bu4NBr can be understood in light of the 
fact that the salt counterion (Bu4N )^ contains four n-butyl chains in addition to 
positive charge on the N atom^^ . These butyl chains can increase hydrophobic 
interactions and cause association at still lower [NaSal] which indeed is 
observed in Fig. 5.3. 
Figs. 5.4-5.7 show variation of A with [NaSal] at different fixed 
concentrations of w-alkanols. The association tendency is increased by the 
presence of A7-alkanols; the improvement with PrOH is marginal, whereas is a 
well-defined maximum with PeOH in the curves of A vs. [NaSal]. This is 
indicative of much improved association. Low concentrations of added medium 
chain alkanols have been found to reduce the cmc of ionic surfactants^ .^ Oganic 
additives (e.g., aliphatic alcohols, amines, etc.) are also reported to enhance 
micellar growth '*'^^. The results have been explained on the basis of increased 
hydrophobic interactions owing to the presence of alkyl moieties in the additive 
molecules. An analogy can be drawn in the present case with the results"''*"''^  and 
explained in view of the increased hydrophobic interactions. If this is indeed 
the case, an increase in the alkyl chain length of alcohol would show an 
increased association tendency. This is indeed observed with PeOH, thereby 
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supporting that explanation. Consequently, the association tendencies of the 
hydrotropes could be improved by selecting right kind of additives. 
Figs. 5.8 and 5.9 show the variation of A with [NaSal] at various fixed 
concentrations of urea and thiourea (0-3 M). The effects of urea on a number 
of aggregated systems have been studied to obtain further insight into factors 
controlling the well-known effect on globular protein denaturation'^°. The 
effect of ureas on a variety of properties of supramolecuiar aggregates are 
explained on the basis of direct mechanism of urea-water solvation or an 
indirect mechanism via rupture of the three-dimensional (3-D) structure of 
water, although recent results have raised questions about the viability of the 
direct or indirect mechanisms for interpretmg the urea effect on protein 
structure and amphiphile properties'""^ .^ Therefore, the urea effect remains an 
open topic. Our conductance results at lower [urea] and [thiourea] show that 
urea and thiourea has a tendency to improve NaSal association up to certain 
concentration after which it shows regular destabilization of the hydrotrope. It 
is noteworthy that the effects of urea have generally been investigated for 
higher [urea] (> 1M), except for one study with a [urea] of < OAU^. 
Fig. 5.10 shows the MHC variation of NaSal with the addition of urea 
and thiourea. The data show an initial decrease in MHC followed by an 
increase with further continued addition. Both urea and thiourea work in a 
similar fashion. The decrease followed by an increase in MHC could be 
explained by the fact that urea (and thiourea) is known to enhance the 
hydrophobic interactions initially, followed by preferential adsorption on 
hydrophilic surfaces'* ,^ which causes repulsion between the molecules and leads 
to the rise in MHC. Thus, depending on its concentration m the solution, ureas 
can decrease or increase the MHC. 
Figs. 5.11-5.14 show the spectra of riboflavin in aqueous NaSal and 
NaSal + additive (urea, BuOH and Bu4NBr) solutions. Absorbance increases 
markedly in the systems containing additives. This likely occurs because of a 
decrease in MHC of NaSal in presence of additives, which is responsible for a 
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higher solubiHty of riboflavin. Thus, the hydrotropic property of NaSal is 
enhanced by the presence of additives, corroborating the conductivity results. 
Fig. 5.15 shows the variation of surface tension (y) vs. [NaSal]. The y-
results indicate that MHC decreases with the addition of urea or BuOH, as is 
also observed by conductivity measurements (Table 5.12). However, y-
reduction is more gradual in comparison with the behavior observed with 
micellar surfactants\ as is also observed in the conductivity data. 
From the above discussion we can conclude that MHC's of hydrotropes 
could be decreased by proper addition of a component at a proper 
concentration. 
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Table 5.1- Variation of molar conductance (A) vs. square root 
concentration (c'^) for different conpounds in pure water. 
100 Vc (M"^) 
100.0 
92.0 
89.0 
86.6 
83.66 
80.62 
80.0 
77.45 
76.0 
74.16 
73.0 
70.7 
69.28 
67.82 
66.33 
64.8 
63.24 
61.64 
60.0 
58.3 
56.56 
54.5 
53.0 
10^A(cm^ 
NaSal 
0.43 
0.46 
-
0.49 
0.50 
0.51 
0.51 
0.54 
0.54 
0.55 
0.56 
0.57 
0.59 
0.61 
0.6! 
0.62 
0.63 
0.63 
0.63 
0.64 
0.63 
0.64 
0.65 
'Smor') 
NaBr 
-
-
0.80 
0.80 
0.80 
0.80 
0.81 
0.81 
-
0.82 
0.83 
0.84 
0.84 
-
0.84 
0.84 
0.84 
0.85 
-
0.86 
0.87 
0.87 
0.88 
100>/C(M"^) 
2.22 
3.49 
4.88 
5.90 
7.45 
7.71 
-
8.19 
8.41 
8.63 
9.02 
9.22 
9.40 
9.58 
9.75 
9.9 
10.08 
10.12 
10.6 
10.94 
11.26 
11.56 
11.84 
lO^A(cm^Smor') 
SDS 
0.78 
0.75 
0.73 
0.72 
0.73 
0.73 
-
0.73 
0.73 
0.72 
0.71 
0.70 
0.69 
0.68 
0.66 
0.65 
0.63 
0.63 
0.60 
0.58 
0.56 
0.55 
0.55 
Contd. 
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52.91 
50.99 
48.98 
46.0 
44.72 
42.42 
40.0 
37.4 
34.64 
31.62 
28.28 
24.49 
20.0 
14.14 
10.0 
7.74 
6.32 
4.47 
3.87 
3.16 
2.73 
-
0.66 
0.68 
0.69 
0.70 
0.72 
0.73 
0.77 
0.79 
0.80 
0.84 
-
0.9 
0.97 
1.03 
1.1 
1.15 
1.16 
1.19 
1.26 
1.32 
-
0.91 
0.95 
-
- . 
0.97 
-
1.01 
1.03 
1.05 
1.05 
1.06 
1.07 
1.07 
-
-
-
-
-
-
_ 
12.11 
12.36 
12.57 
12.82 
13.03 
13.43 
-
-
-
13.79 
-
14.12 
-
-
14.43 
-
-
-
-
-
. 
0.54 
0.53 
0.52 
0.52 
0.52 
0.50 
0.48 
0.47 
0.47 
-
-
-
-
-
-
-
-
-
-
-
. 
I l l 
iooc"'cK'*3 
8 12 
40 60 80 100 
100c"\vf'^; 
Fig, 5.1 - Variation of molar conductance (A) with the square root of 
concentration (c'^) for different compounds in pure water at 30 
°C: • , sodium dodecyl sulfate (SDS); O, sodium salicylate 
(NaSal); •,NaBr. 
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Table 5.2- Variation of molar conductance (A) vs. square root 
concentration (c'^) for NaBr solutions in the presence of 
additives. 
looV? (M"^) 
10.00 
14.00 
17.03 
21.81 
25.49 
30.00 
36.05 
40.81 
44.72 
47.95 
53.45 
57.70 
61.10 
64.10 
66.63 
68.81 
70.71 
72.35 
76.37 
x=0 
1.08 
1.07 
1.07 
1.05 
1.05 
1.03 
1.02 
0.97 
-
0.95 
0.91 
0.89 
0.87 
0.86 
0.85 
0.85 
0.84 
0.84 
0.83 
10^  yl (cm^ 
0.2 MU 
1.21 
1.06 
1.04 
1.00 
0.97 
0.93 
0.88 
0.83 
0.81 
0.80 
0.79 
0.78 
0.79 
0.79 
0.78 
0.79 
0.79 
0.79 
0.79 
' S mol'') 
0.15MBu4NBr 
0.78 
0.78 
0.78 
0.75 
0.77 
0.77 
0.75 
0.73 
0.72 
0.72 
0.71 
0.71 
0.71 
0.70 
0.71 
0.70 
0.71 
0.70 
0.70 
Contd. 
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78.84 
80.17 
81.60 
84.00 
84.97 
85.79 
86.60 
0.82 
0.82 
0.81 
0.80 
0.80 
0.80 
0.80 
-
0.78 
0.78 
0.78 
0.74 
0.74 
0.73 
0.69 
0.69 
0.69 
0.69 
0.68 
0.68 
0.68 
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o 
E 
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CM 
E 
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< 
CM 
o 
0.8-
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A 
• pure NaBr 
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Fig. 5.2 - Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaBr solutions in the presence of 
additives. 
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Table 5.3- Variation of molar conductance (A) vs. square root 
concentration (c'^) for NaSal solutions in the presence of 
different salts. 
lOOVc (M"^) 
100 
92.0 
89.44 
86.0 
83.66 
80.62 
80.0 
77.45 
75.8 
74.0 
73.0 
72.45 
70.71 
69.28 
67.82 
66.33 
64.8 
63.24 
61.64 
* 60.0 
59.16 
58.3 
57.0 
56.56 
54.77 
52.91 
52.44 
x=0 
0.43 
0.46 
-
0.49 
0.51 
0.51 
0.52 
0.54 
0.54 
0.56 
0.56 
-
0.57 
0.59 
0.61 
0.61 
0.63 
0.63 
0.63 
0.64 
-
0.64 
-
0.63 
0.65 
0.66 
_ 
IQi^A (cm^ S mol"') 
Bu4NBr 
-
-
-
0.62 
0.62 
-
-
0.65 
-
0.67 
-
-
0.68 
0.68 
0.68 
0.69 
0.70 
0.70 
0.71 
0.72 
-
-
-
0.73 
0.74 
0.74 
^ 
NaBr 
0.71 
-
0.74 
-
0.76 
0.77 
-
-
0.78 
0.78 
-
0.79 
0.79 
0.81 
0.81 
-
-
0.85 
0.86 
-
0.86 
-
0.88 
-
0.90 
-
0.90 
Contd. 
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50.99 
50.0 
48.98 
47.43 
46.9 
46.0 
44.72 
42.42 
40.0 
37.4 
34.64 
31.62 
28.28 
24.49 
20.0 
14.14 
12.24 
10.0 
7.74 
6.32 
4.47 
3.87 
3.16 
2.73 
0.66 
-
0.69 
-
-
0.70 
0.70 
0.73 
0.74 
0.76 
0.79 
0.81 
0.84 
-
0.90 
0.96 
-
1.03 
1.10 
1.15 
1.17 
1.19 
1.26 
1.32 
0.75 
-
0.76 
-
0.77 
-
0.79 
0.8 
0.79 
0.78 
0.77 
0.77 
0.77 
0.79 
0.80 
0.85 
0.85 
0.91 
-
-
-
-
-
-
-
0.93 
-
0.95 
-
-
0.94 
0.94 
0.94 
0.95 
0.96 
0.97 
1.03 
1.06 
-
1.17 
-
1.2 
-
-
-
-
-
-
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i 0.8-
o 
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Fig. 5.3 - Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaSal solution in the presence of 
Bu4NBr and NaBr. The curves are shifted vertically upward by 
0, 0.2, and 0.3 units, respectively. 
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Table 5.4 - Variation of molar conductance (A) vs. square root 
concentration (c*^ ) for NaSal solutions in the presence of 
different n-alkanols (0.15 M). 
100 Vc (M"^) 
100.0 
92.0 
89.0 
86.6 
83.66 
80.62 
80.0 
77.45 
76.0 
74.16 
73.0 
70.7 
69.28 
67.82 
66.33 
64.8 
63.24 
61.64 
60.0 
58.3 
56.56 
54.5 
53.0 
x=0 
0.43 
0.46 
-
0.49 
0.51 
0.51 
0.51 
0.54 
0.54 
0.56 
0.56 
0.57 
0.59 
0.61 
0.61 
0.63 
0.63 
0.63 
0.64 
0.64 
0.63 
0.65 
0.65 
10^  yl 
PrOH 
0.17 
-
0.20 
0.22 
0.23 
0.24 
-
0.26 
-
0.28 
-
0.30 
0.31 
0.31 
0.33 
0.34 
0.34 
0.35 
0.37 
0.37 
0.40 
-
0.44 
(cm^ S mol') 
BuOH 
0.25 
-
0.27 
-
-
0.3 
-
-
-
-
-
0.35 
0.36 
0.37 
-
0.39 
-
0.39 
0.41 
0.41 
0.43 
-
_ 
PeOH 
0.13 
-
0.17 
0.17 
-
0.20 
-
0.21 
-
0.22 
-
0.23 
0.24 
0.25 
0.25 
0.25 
0.26 
0.27 
0.28 
0.28 
0.29 
-
0.31 
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52.91 
50.99 
48.98 
46.0 
44.72 
42.42 
40.0 
37.4 
34.64 
31.62 
28.28 
24.49 
20.0 
14.14 
10.0 
7.74 
6.32 
4.47 
3.87 
3.16 
2.73 
-
0.66 
0.68 
0.69 
0.70 
0.73 
0.74 
0.77 
0.79 
0.81 
0.84 
-
0.90 
0.97 
1.03 
1.10 
1.15 
1.17 
1.19 
1.26 
1.32 
0.42 
0.45 
0.45 
0.48 
0.48 
0.48 
0.50 
0.55 
0.58 
0.63 
0.69 
-
0.75 
0.80 
0.83 
0.86 
-
0.95 
-
-
-
-
0.51 
0.55 
0.55 
0.52 
0.49 
0.47 
0.44 
0.46 
0.50 
0.52 
0.55 
0.58 
0.65 
0.7 
-
-
-
-
-
-
-
0.32 
0.32 
0.34 
0.34 
0.37 
0.39 
0.42 
0.37 
0.32 
0.34 
0.38 
0.43 
0.45 
0.51 
-
0.58 
0.65 
-
-
-
120 
Table 5.5-Variation of molar conductance (A) vs. square root 
concentration (c"^ ) for Nal 
different /t-alkanols (0.1 M). 
' Sal solutions in the presence of 
lOOVc (M"2) 
100.0 
89.44 
86.6 
83.66 
80.62 
77.45 
74.16 
70.7 
69.28 
67.82 
66.33 
64.8 
63.24 
61.64 
60.00 
58.3 
56.56 
54.77 
52.9 
50.99 
48.98 
46.9 
PrOH 
0.33 
0.37 
0.38 
0.41 
-
0.44 
0.46 
0.46 
0.48 
-
0.49 
0.49 
0.51 
0.52 
0.52 
0.53 
0.54 
0.54 
0.53 
0.54 
0.54 
0.54 
10^/1 (cm^Smor') 
BuOH 
0.27 
0.30 
-
-
-
0.34 
0.37 
0.37 
0.38 
0.38 
-
0.39 
0.42 
0.45 
0.45 
0.46 
0.47 
0.48 
0.49 
0.49 
0.48 
0.50 
PeOH 
0.15 
0.16 
-
0.17 
0.17 
0.18 
0.19 
0.21 
0.22 
0.23 
0.23 
0.24 
0.24 
0.25 
0.26 
0.27 
0.27 
0.28 
-
0.31 
-
. 
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44.72 
42.42 
40.00 
37.4 
34.64 
31.6 
28.28 
24.49 
20.00 
10.00 
7.74 
3.16 
0.56 
0.56 
0.57 
0.57 
0.59 
0.61 
0.63 
0.65 
0.68 
0.75 
0.92 
0.15 
0.51 
0.53 
0.54 
0.56 
-
0.61 
0.63 
0.68 
0.75 
0.81 
-
-
0.33 
-
0.33 
0.33 
34.0 
0.35 
0.40 
0.47 
0.55 
0.65 
-
-
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Table 5.6- Variation of molar conductance (A) vs. square root 
concentration (c' ) for NaSal solutions in the presence of 
different n-aikanols (0.05 M). 
lOOVc (M"^) 10^/I (cm^ S mol"') 
BuOH PeOH 
100.0 0.38 0.37 
89.44 0.42 0.31 
80.0 - 0.34 
77.45 0.45 
74.16 - 0.35 
70.11 0.47 0.38 
69.28 0.48 
67.08 0.50 0.39 
66.33 0.51 
64.0 0.51 0.39 
63.44 0.53 0.40 
61.64 0.52 0.42 
60.0 0.54 0.43 
58.3 0.54 0.44 
56.6 0.54 0.45 
54.77 - 0.46 
53.0 0.52 0.46 
50.99 0.56 0.47 
48.0 0.58 0.48 
46.0 - 0.47 
44.72 0.60 0.48 
42.42 0.63 0.48 
Contd. 
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40.0 
37.41 
31.62 
28.28 
24.49 
20.0 
14.14 
10.0 
0.64 
0.68 
0.71 
0.73 
0.76 
0.81 
0.85 
0.92 
0.49 
0.52 
0.54 
0.57 
0.60 
0.63 
0.69 
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Table 5.7- Variation of molar conductance (A) vs. square root 
concentration (c'^) for NaSal solutions in the presence of 
different n-alkanols (0.2 M). 
lOOV? (M"^) 10^/1 (cm^Smor') 
PiOH BuOH 
100.0 0.38 0.41 
89.44 0.41 0.46 
77.45 0.45 0.51 
70.7 0.47 0.52 
67.82 0.47 0.54 
63.24 0.50 0.56 
61.64 - 0.58 
58.3 0.51 0.59 
56.56 0.53 
54.77 0.53 0.62 
53.0 0.53 0.63 
50.99 0.54 0.65 
48.98 0.55 0.67 
46.9 0.56 0.68 
44.72 0.57 0.70 
42.42 0.58 0.72 
40.0 0.61 0.72 
37.41 0.62 0.72 
36.64 0.67 0.72 
31.62 0.68 0.72 
28.28 0.69 0.74 
24.49 0.69 0.79 
20.0 0.73 0.81 
14.14 0.79 0.86 
10.0 0.85 0.95 
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Fig. 5.4 - Variation of molar conductance (A) with the square root of 
concentration (c'^) for NaSal solution in the presence of 0.15 M 
«-alkanols. The curves are shifted vertically downward by 0, 
0.1, 0.2, and 0.3 units, respectively. 
126 
0.9 
0.8- ' 
0.7-
0.6-
o 
E 
W 0.5-1 
E 
< 
"o 0.4-] 
0.3-
0.2-
0.1 
Fig. 5.5 
NaSal + 0.1 M alkanol 
A PrOH 
a BuOH 
• PeOH 
A D 
A 
•J^A. 
Q 
°t 
• • • 
• • • • . 
• • 
—r— 
2 0 
1 ^ 
40 
— ' 1 — 
60 
IOOC'^CM'") 
- T '-
80 
• • 
100 
Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaSal solution in the presence of 0.1 M 
«-alkanols. The curves are shifted vertically downward by 0, 
0.1, and 0.2 units, respectively. 
127 
0.9-
0.8-
0.7-
,r~> 
•5 
E 
CO 0 . 6 -
N E 0 
< 
? 0.5-
0.4-
-
0.3-
i 
D 
» 
• 
a 
• 
1 
a 
• 
• 
a 
• 
a 
°D 
D 
a 
• • « w . 
1 
NaSal + 0.05 M alkanol 
a BuOH 
• PeOH 
n 
°^°^r. 0 O B 
• 
» • . 
• 
• 
1 1 — I • • 1 
G 
\ 
9 
1 
10 20 30 40 50 60 70 80 90 100 
1 0 0 C ' " ( M " ' ) 
Fig. 5.6 - Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaSal solution in the presence of 0.05 M 
^-aikanols. The curve is shifted vertically downward by 0, and 
0.1 units, respectively. 
128 
0.9 
NaSal + 0.2 M alkanol 
• PeOH 
D BuOH 
0.8-
0.7-
o 
E 
i 0.6 
CM 
o 
0.5-
0.4-
Fig. 5.7 
• • 
Q] D O 
D 
. °0 
Oi 
'a 
n 
20 40 60 
1 0 0 C " ' ( M " ' ) 
—r~ 
80 100 
Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaSal solution in the presence of 0.2 M 
«-alkanols. 
129 
Table 5.8- Variation of molar conductance (A) vs. square root 
concentration (c"^ ) for NaSal solutions in the presence of 
different urea concentrations. 
100Vc(M"^) 
100.0 
98.70 
97.96 
96.17 
94.86 
93.54 
92.19 
90.82 
89.44 
88.03 
86.60 
85.14 
83.66 
82.15 
80.62 
79.05 
77.45 
75.82 
74.16 
72.45 
71.19 
70.71 
69.28 
67.82 
66.32 
64.80 
63.24 
x=0 
0.43 
-
-
-
-
-
0.46 
-
-
-
0.50 
-
-
0.51 
0.51 
0.52 
0.54 
0.54 
0.56 
0.56 
0.57 
-
0.59 
-
0.61 
-
0.63 
0.2 
0.43 
-
0.44 
-
0.45 
-
0.47 
-
0.47 
-
0.49 
-
0.49 
-
0.51 
-
0.52 
-
0.54 
-
-
0.56 
-
0.57 
-
0.57 
0.58 
10^/1 
0.3 
0.43 
0.44 
0.44 
0.43 
0.45 
0.45 
0.46 
0.46 
0.47 
0.47 
0.48 
0.48 
0.48 
0.49 
0.49 
0.50 
-
0.51 
0.52 
0.53 
-
0.54 
0.54 
0.54 
0.56 
0.58 
0.58 
(cm^ S mol"') 
0.5 
0.43 
-
0.44 
-
0.45 
-
0.47 
-
0.47 
-
0.48 
-
0.49 
-
0.50 
-
0.51 
-
0.54 
-
-
0.55 
0.69 
0.63 
-
-
0.56 
1.0 
0.42 
-
0.44 
-
0.44 
-
0.44 
-
0.46 
-
0.47 
-
0.48 
-
0.49 
0.50 
0.50 
0.51 
0.52 
0.52 
-
0.53 
0.54 
0.54 
-
0.55 
0.56 
3.0 
0.38 
-
0.39 
-
0.40 
-
0.41 
-
-
0.42 
0.43 
-
0.44 
-
0.46 
-
0.46 
0.47 
0.47 
0.48 
-
0.48 
0.49 
-
-
0.51 
. 
Contd. 
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61.64 
60.00 
58.30 
56.56 
54.77 
52.91 
50.99 
48.98 
46.90 
44.72 
42.42 
40.00 
38.40 
34.64 
31.62 
28.28 
24.49 
20.00 
14.14 
12.24 
10.00 
8.94 
7.74 
4.47 
3.16 
0.63 
-
0.64 
0.63 
0.65 
0.66 
0.66 
0.69 
0.70 
0.70 
0.73 
0.74 
0.77 
0.80 
0.81 
0.84 
-
0.90 
0.98 
-
1.03 
-
-
-
-
0.59 
0.61 
-
0.62 
0.63 
0.64 
0.66 
0.67 
-
0.68 
0.73 
-
0.73 
-
0.81 
0.85 
0.75 
0.79 
0.86 
-
0.91 
-
0.92 
0.96 
1.36 
0.59 
0.60 
0.61 
0.62 
0.63 
0.63 
0.65 
0.65 
0.68 
0.68 
0.69 
0.71 
0.73 
0.75 
0.80 
0.83 
0.83 
0.79 
0.85 
-
0.89 
0.89 
-
-
-
0.58 
-
0.59 
0.59 
0.60 
0.62 
0.64 
0.66 
-
0.67 
-
-
0.72 
0.76 
0.78 
0.82 
0.86 
0.87 
0.98 
-
1.12 
-
1.32 
-
-
0.57 
-
0.59 
0.60 
0.60 
0.61 
0.63 
-
0.62 
0.63 
-
41.83 
0.66 
-
-
0.72 
-
0.72 
0.72 
0.74 
-
-
-
-
0.52 
-
-
0.54 
-
-
0.55 
-
-
0.59 
-
-
0.61 
-
-
0.68 
-
0.72 
15.80 
-
-
-
-
-
-
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Table 5.9 - Variation of molar conductance (A) vs. square root 
concentration (c'^) for NaSal sol 
different thiourea concentrations. 
utions in the presence of 
lOOVc 
100.00 
97.46 
94.86 
92.19 
89.00 
86.60 
83.66 
80.62 
79.05 
77.45 
75.80 
74.16 
72.45 
70.71 
68.92 
67.08 
65.19 
63.24 
61.22 
59.16 
57.00 
54.77 
x=0 
0.43 
-
-
0.46 
-
0.50 
-
0.51 
0.53 
0.54 
-
0.56 
0.56 
-
0.59 
-
0.61 
0.63 
0.63 
-
-
0.65 
0.01 
0.43 
0.44 
0.45 
0.46 
0.47 
0.48 
0.49 
0.51 
0.51 
0.52 
0.52 
0.54 
0.54 
0.54 
0.55 
0.56 
0.56 
0.58 
0.59 
0.60 
0.61 
0.61 
10^  
0.025 
0.45 
0.45 
0.46 
0.46 
0.48 
0.49 
0.49 
0.51 
0.52 
0.52 
0.53 
0.54 
0.54 
0.55 
0.56 
0.06 
0.58 
0.58 
0.59 
0.61 
0.61 
0.63 
A (cm^ 
0.05 
0.45 
0.45 
0.46 
0.47 
0.48 
0.49 
0.49 
0.51 
0.52 
0.50 
0.56 
0.54 
0.55 
0.55 
0.56 
0.56 
0.57 
0.59 
0.60 
0.62 
0.63 
0.64 
S mol') 
0.075 
0.44 
0.45 
0.46 
0.47 
0.48 
0.49 
0.50 
0.51 
-
0.53 
0.53 
0.54 
0.55 
0.55 
0.56 
0.56 
0.57 
0.59 
0.59 
0.60 
0.61 
0.62 
0.1 
0.44 
0.45 
0.46 
0.47 
0.48 
0.49 
0.50 
0.52 
0.52 
0.53 
0.53 
0.55 
0.55 
0.56 
0.57 
0.58 
0.58 
0.59 
0.61 
0.61 
0.63 
0.64 
0.3 
0.41 
0.42 
0.43 
0.44 
0.45 
0.46 
0.48 
0.49 
0.50 
0.51 
0.52 
0.54 
0.55 
0.58 
0.58 
0.60 
0.62 
0.62 
0.62 
0.61 
0.62 
0.63 
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52.44 
50.00 
47.43 
44.72 
41.83 
38.72 
34.64 
31.00 
28.28 
24.49 
20.00 
14.14 
10.00 
0.66 
0.66 
0.70 
0.70 
0.73 
0.77 
0.80 
0.81 
0.84 
-
0.90 
0.98 
1.03 
0.64 
0.64 
0.63 
-
0.63 
0.65 
0.66 
0.65 
0.69 
0.71 
0.75 
0.80 
0.92 
0.65 
0.65 
0.66 
0.66 
0.67 
0.68 
0.66 
0.68 
0.69 
0.67 
0.75 
0.78 
0.81 
0.65 
0.66 
0.67 
0.69 
0.69 
0.68 
0.68 
0.64 
0.69 
0.67 
0.69 
-
0.75 
0.64 
0.64 
0.64 
0.65 
0.69 
0.67 
0.70 
0.72 
0.72 
0.71 
0.75 
0.80 
0.54 
0.66 
0.66 
0.68 
0.68 
0.69 
0.72 
0.73 
0.75 
0.70 
0.75 
0.78 
0.79 
0.82 
0.63 
-
0.63 
0.63 
0.63 
0.63 
0.62 
0.63 
0.63 
0.63 
0.63 
0.70 
0.75 
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Fig. 5.8 - Variation of molar conductance (A) with the square root of 
concentration (c"^) for NaSal solution in the presence of 
different urea concentrations. The curves are shifted vertically 
downward by 0, 0.1, 0.2, 0.3, 0.4, and 0.5 units, respectively. 
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Fig. 5.9 - Variation of molar conductance (A) with the square root of 
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different thiourea concentrations. The curves are shifted 
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respectively. 
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Table 5.10- Effect of ur«as on the MHC of NaSal (determined 
conductometrically). 
[Additive] (M) MHC (M) 
Urea Thiourea 
0 0.58 0.58 
0.01 - 0.41 
0.025 - 0.36 
0.05 0.38 0.32 
0.075 - 0.32 
0.1 - 0.34 
0.2 0.29 
0.3 0.31 0.39 
0.4 0.34 
0.5 0.36 
1.0 0.37 0.42 
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Fig. 5.10 - Variation of minimum hydrotrope concentration (MHC) of 
NaSal with urea and thiourea. 
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Ultraviolet-visible spectra for riboflavin in aqueous solution, 
aqueous solution containing 0.3 M NaSal + 0.05 M Bu4NBr, 
and aqueous solution containing 0.5 M NaSal + 0.05 M 
Bu4NBr. 
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Fig. 5.13 - Ultraviolet-visible spectra for riboflavin in aqueous solution, 
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Fig. 5.14 - Ultraviolet-visible spectra for riboflavin in aqueous solution, 
aqueous solution containing 0.3 M NaSal + 0.2 M urea, 0.5 M 
NaSal + 0.2 M urea, and aqueous solution containing 0.8M 
NaSal + 0.2 M urea. 
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Table 5.11- Variation of surface tention (y) with NaSal in pure water as 
well as with additives. 
[NaSal] (M) 
0 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.65 
0.70 
0.80 
0.90 
1.00 
no additive 
72.0 
70.64 
-
69.33 
68.14 
66.61 
65.32 
64.72 
63.59 
63.35 
62.50 
62.10 
61.10 
y (dyn cm"') 
0.2 MU 
73.80 
71.28 
70.0 
68.72 
68.27 
67.10 
66.59 
65.86 
-
64.82 
64.41 
64.0 
63.26 
O.lSMBuOH 
47.23 
46.29 
45.7 
45.5 
44.24 
44.00 
44.18 
43.00 
-
42.70 
42.40 
41.95 
41.49 
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Fig. 5.15 - Variation of surface tension (y) with NaSal in pure water as 
well as with additives. The curve for urea is shifted vertically 
downward by 10 units. 
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Table 5.12 - MHC values of NaSal in the presence of additives determined 
by conductivity and surface tension measurements at 30 *'C. 
[Additives] (M) 
0 
0.2 (U) 
0.15 (BuOH) 
Conductivity 
0.58 
0.28 
0.30 
MHC(M) 
Surface Tension 
0.60 
0.26 
0.31 
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